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Effect of level and timing of moisture stress 
on soybean plant development and yield components 
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Abstract. Field studies were conducted in 1984 and 1985 
using non-weighing lysimeters of 1 m? to determine the 
effect of level of soil moisture stress (L) and timing of 
moisture stress (T) on reproductive phenology, plant 
characteristics, and yield components of Maple Amber 
soybean [Glycine max (L.) Merr.]. The study incorporat- 
ed the most probable combinations of moisture stress in 
order to provide a basis for planning and managing irri- 
gation for optimum soybean production. The effect of L 
was consistent over T and Year. Neither L nor T affected 
days to full bloom stage (R2). Increases in L linearly 
(r7 = 0.71) increased days to beginning seed stage (R5), 
but decreased (r* = 0.93) days to full maturity stage (R&). 
L was related quadratically to plant height (r7 = 0.88) 
and number of pod-bearing nodes (r? = 0.98), and linear- 
ly to number of pods (r? = 0.75) and total dry matter 
(r? = 0.91). No consistent effect of T on the timing of R5 
to R8 stages was found, mainly because of the presence 
of a Year X T interaction (P = 0.05). Withholding irriga- 
tion during the RS stage from previously adequately wa- 
tered crops caused significant reduction in plant height 
(7%), number of pod-bearing nodes on the main stem 
(13%), number of pods (18%), number of seeds (20%), 
total seed weight (25%), and total dry matter (23%), 
indicating the importance of irrigation during this stage. 
It was concluded that, if irrigation water is limiting, with- 
holding irrigation at R2 may be acceptable, but irrigation 
at RS is essential for optimizing yield components and 


thus yield. 


Soybean [Glycine max (L.) Merr.) is a potential grain 
legume crop in the semi-arid chinook region of southern 


Alberta. The development of an appropriate irrigation 
management strategy for soybean requires adequate in- 


formation on the nature and degree of responses of vari- 
ous reproductive stages and yield components of this 


plant to various levels of water deficits. 


Correspondence to: N. Foroud 


The effect of water deficit (or moisture stress) on 
soybean is variable (Shaw and Laing 1966; Woods and 
Swearingen 1977; Ashley and Ethridge 1978). Some stud- 
ies have shown that the vegetative growth stages are less 
sensitive to water deficit than reproductive stages (Doss 
et al. 1974; Sionet and Kramer 1977). Others indicated 
that water deficit during flowering had little effect on 
yield, whereas the effect during pod elongation and seed 
enlargement was significant (Krote et al. 1983; Huck 
etal. 1983). Brown et al. (1985) showed that moisture 
stress at either the flowering stage or pod elongation 
stage significantly reduced yields of soybean. They also 
reported, from the same studies, that the water deficit 
initiated at the flowering stage in one year resulted in 
greater yield losses than when initiated at the pod elonga- 
tion stage, but results were reversed in the following year. 

In southern Alberta, the seasonal water requirements 
of soybean from seeding to harvest were reported in pre- 
vious studies by Hobbs and Miindel (1983). However, the 
responses of this crop to various degrees of moisture 
stress and to the timing of the stress were not measured. 
Information on the crop response to a range of moisture 
stress levels and the timing of the stress is important, 
particularly when establishing an irrigation management 
strategy. This study was undertaken to evaluate the ef- 
fects of moisture stress level and timing on certain plant 
characteristics, reproductive phenology, and yield com- 
ponents of soybean and to quantify the relationships be- 


tween water deficits and crop characteristics. 


Materials and methods 


Soybean, cultivar Maple Amber, was sown on May 17, 1984 and 
May 23, 1985, in four rows in 1 m~x1m plots at the Agriculture 
Canada Research Station at Lethbridge, Alberta. This variety, re- 
leased by the Ottawa Research Station of Agriculture Canada, is the 
first full-season Canadian variety consistently maturing before frost 
in southern Alberta, Lethbridge has a continental, semi-arid climate 
and a hot and short growing season. The soil of the study area is a 
Dark Brown Chernozemic Lethbridge sandy clay loam to clay 
loam (Typic Haploboroll) developed in glacio-lacustrine deposits. 
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Fig. 1. Measured evapotranspiration of soybeans 


during the growing season in southern Alberta, 
mean of 3 years, SE=1.09 mm (after Hobbs and 


Table 1. Irrigation treatments for attaining a specific moisture stress 
at selected plant growth stages 


Treat- 


ment 
code 


Description 


L20T0 
L20T2 
L20T5 


Irrigation throughout the season at L= 20 

Irrigation at L=20, but withheld at full bloom stage (R2) 

Irrigation at L=20, but withheld at beginning seed stage 
(R5) 

Irrigation throughout the season at L=35 

Irrigation at L=35, but withheld at full bloom stage (R2) 

Irrigation at L=35, but withheld at beginning seed stage 
(R5) 

Irrigation throughout the season at L= 50 

Irrigation at L = 50, but withheld at full bloom stage (R2) 

Irrigation at L=50, but withheld at beginning seed stage 
(R5) 

Irrigation throughout the season at L=65 

Irrigation at L=65, but withheld at full bloom stage (R2) 

Irrigation at L=65, but withheld at beginning seed stage 


L35T0 
L35T2 


L35T5 


LSOTO 
LS50T2 
LS0TS 


L65TO 


L65T2 
L65T5S 


L denotes the level of moisture stress calculated by Eq. (1) 
T denotes the timing of moisture stress 


The measured field capacity (—20 kPa) and plant wilting point 
(—1500 kPa) of this soil averaged 31% and 16.5% by volume. 
Groundwater levels during the study period were more than 3m 
below the soil surface. 

Plots were established prior to fall by cutting trenches around 
undisturbed soil, and encasing the soil With plastic-lined plywood 
boxes inserted 0.5-m into the soil. Trenchés were backfilled with soil 
from a similar depth. The plots were established in two ranges with 
5-m spacing between the ranges and 18 plots in each range with 1-m 
spacing between the plots. 

Prior to planting, all plots received fertilizer (11-51-0) broad- 
cast at a rate of 100 kg/ha. Soybeans, pretreated with Captan, were 
seeded 25-cm apart into open furrows. Each row received 2 g of 
granular inoculum of Bradyrhizobium japonicum Jordan bacteria 
dribbled into the open furrow. Furrows were then covered and 
tamped down. Shortly after emergence of plants, rows were thinned 
to 20 plants each. 

All plots were pre-irrigated (on May 24, 1984 and May 21, 1985) 
to ensure that the soil profile was at field capacity at planting time. 
Soil moisture was measured weekly to 120-cm depth in 30-cm incre- 
ments (d;) by neutron probe. A neutron probe access tube was 
installed at the center of each plot for this purpose and readings were 
taken at 20, 45, 75, and 105 cm. The neutron probe was calibrated 
against volumetric soil moisture data. Volumetric soil water content 


Krogman, 1983) 


(8 %) was determined using the product of gravimetric soil water 
determinations and the bulk density values obtained from soil cores 
collected at 30-cm increments to 120 cm depth. The amount of soil 
moisture for each incremental depth was calculated by (6 x d;)/100. 
Gravimetric samples were collected when neutron meter access 
tubes were installed and around planting time in the second year 
and at harvest in both years. Also, on August 20, 1984, and July 9, 
July 25, and August 8, 1985, soil water contents were measured on 
soil cores (2.5 cm diam x 5 cm) collected with a hand sampler at soil 
depths of 15, 45, 75, and 105 cm near the center of randomly selected 
plots. 

A factorial design (Cochran and Cox 1950) with 12 treatments 
(Table 1) and three replicates was used in a randomized complete 
block design. The treatments consisted of combinations of three 
times (T) and four levels (L) of moisture stress. Moisture stress 
timing treatments were: TO, irrigation applied throughout the grow- 
ing season; T2, irrigation withheld during flowering stage (R2), and 
resumed after this stage; and TS, irrigation withheld during the 
beginning of seed development (R5), and resumed after this stage. 
Plant growth stages were as defined by Fehr and Caviness (1977). 
The four levels of moisture stress (L20, L35, L50, and L65) were 
achieved by applying irrigation water at 20, 35, 50, and 65% deple- 
tion of available water capacity. The level of moisture stress (L) was 
determined by the equation: 


L =(1—PAW,/AWC) 100 (1) 
where 

AWC = FC—WP (2) 
PAW, = SMC,—WP (3) 
subject to 

FC>SMC,>WP. 


AWC is the available water capacity in the crop root zone, PAW, is 
the plant-available water at a given time t (day), FC is the field 
capacity, WP is the permanent wilting point, and SMC, is measured 
soil moiture content on day t during the growing season. All terms 
for soil moisture are expressed as volumetric fractions (0 %) in the 
crop root zone. 

The value of PAW, ranged from zero to a maximum value equal 
to AWC, depending on the SMC, during the growing season. Both 
FC and WP were determined by pressure plate at — 30 (—20 if soil 
was sandy loam or sandy clay loam) and — 1500 kPa (USS. Salinity 
Laboratory Staff, 1954). Treatments L20, L35, L50, or L65 were 
achieved by scheduling the irrigation when L calculated by equa- 
tion 1 was equal to 20, 35, 50, or 65, respectively. The amount of 
irrigation was calculated by subtracting the measured SMC from 
FC. Root development was assumed to be consistent with that of the 
foliage canopy, which was more than 50% by early July (Fig. 1) and 
complete by late July. Therefore, prior to the end of June, irrigation 
amounts were based on a rooting zone depth of 60 cm, and those 
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Table 2. Irrigation applied (mean of three replicates) based on the prescribed treatments, and May 20—Aug 30 rainfall events, mm 


Date L20TO* L20T2 L20TS L35TO0 L35T2 


E3555 


LSOTO LSOT2 LS50T5 L65TO L65T2  L65TS5 


1984: 
Jun 22 
Jun 23 
Jul 04 
Jul 12 
Jul 18 
Jul 26 
Jul 27 
Aug 03 
Aug 07 
Aug 13 
Aug 20 
Aug 22 36 
Aug 24 


Irrigation 325 
Rainfall 93 
Irrigation 418 
and rain 


1985: 
Jun 17 
Jun 21 
Jun 28 
Jul 05 
Jul 11 
Jul 18 
Jul 26 
Aug 01 
Aug 09 
Aug 12 
Aug 23 67 
Aug 30 40 35 
Irrigation 364 311 
Rainfall 123 123 


Irrigation 487 434 
and rain 


Ww 


SSSRSSES 


67 


* L denotes level of moisture stress and T denotes timing of moisture stress 


> Mean of two replicates (missing data from 3rd replicate) 


after July 4 on a full rooting zone of 120 cm. This ensured adequate 
water for the crop from each irrigation without excessive water 
confounding later treatments. Irrigation was applied by a water 
tank with a measured amount of water. Rainfall was measured with 
a standard 3.5 inch (8.9 cm) diameter rain gauge. 

All plots were monitored throughout the growing season and 
dates of reproductive stages R2 through R8 were recorded. At har- 
vest, plant growth and yield components of the middle 10 plants of 
the middle row were assessed. For each plant the main stem plant 
height, the height of the lowest pod-bearing node, the number of 
pod-bearing nodes on the main stem, and the number of pods were 
measured prior to cutting. After cutting, the number of seeds, seed 
weight, and the total dry matter were determined. Total dry matter 
was obtained by oven drying pods, seeds, and stems at 65°C to a 
constant weight (this required 48 h or more). 

Analyses of variance were conducted for each measured variable 
with L, T, Year, and their interactions in the model. Orthogonal 
polynomials were used to test for linear and quadratic relationships 
between L and the measured variables. Differences between L and 
T means were tested for significance using Duncan’s New Multiple 
Range Test (Steel and Torrie, 1980). The GLM and REG procedures 
in SAS (SAS Institute Inc., 1985) were used to perform all statistical 
analyses. 


Results and discussion 


The amounts and timing of irrigation and May 20 to 
August 30 rainfall are given in Table 2. The time distribu- 
tion of the rainfall and weekly average of air tempera- 
tures are shown in Table 3. The mean squares from the 
analyses of variance and the T treatment means for the 
reproductive stages, plant characteristics, and yield com- 
ponents are shown in Tables 4 and 5. 


Reproductive stage effects 


Reduced crop yields generally accompany decreases in 
crop water use, or evapotranspiration (ET), resulting 
from inadequate water supply in the crop root zone. 
When the soil water is high throughout the growing sea- 
son, ET can be expected to be at its maximum rate and 
the crop can attain its full potential yield, if no other yield 
limiting factors are imposed on it. When soil water in the 


151 

16 16 
16 16 16 
40 40 40 40 40 45 45 40 
75 65 65 
80 50 TF 80 70 97 97 97 130 127 120 E 
80 80 
80 80 80 
36 
87 91 
69 58 
48 66 97 
37 50 64 64 55 128 96 124 
90 92 34 
289 359 411 338 392 319 325 268 258 223 244 
93 93 93 93 93 93 93 93 93 93 93 . 
382 452 504 431 485 412 418 361 351 316 337 
12 
63 62 
68 108 88 118 123 
65 112° 125 
65 72 108 88 
63 68 
38 40 47 4g? 48 71 55 7B 
311 322 263 258 224 195 180 196 
123 123 123 123 123 123 123 123 
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Table 3. In situ seeding to harvest rainfall events (mm), and May to September temperature and evaporation at Lethbridge, Alberta 


Average daily air temperature (weekly basis) Rainfall 


1984 ys 1985 1984 


May 2-9 6.5 May 3-10 Jun 4 
May 8-16 May 11-17 Jun 7 
May 17-23 12.3 May 18-24 Jun 8 
May 24-30 May 25-31 Jun 21 
May 31-—Jun 6 

Jun 1-7 Jul 28 
Jun 7-13 Jun 8-14 Jul 29 
Jun 14-20 Jun 15-21 Jul 30 
Jun 21-27 Jun 22-28 
Jun 28-—Jul 4 Jun 29—Jul 5 Aug 5 

Aug 31 

Jul 5-11 Jul 6-12 
Jul 12-18 Jul 13-19 , Sep 6 
Jul 19-25 Jul 20—26 Sep 7 
Jul 26—Aug 1 Jul 27—Aug 2 Sep 9 


Aug 2-8 Aug 3-9 
Aug 9-15 Aug 10-16 
Aug 16-22 Aug 17-23 
Aug 23-29 Aug 24-30 
Aug 30-Sep 5 Aug 31-—Sep 6 


Sep 6-12 Sep 7-13 
Sep 13-19 Sep 12-20 
Sep 20-26 : Sep 21-27 


Total 129.7> 156.8 


1984 1985 
Maximum temperature, °C (July) 35.5 34.5 
Minimum temperature, °C (May) —3.5 —2.0 
Average temperature, °C 14.7 14.2 
Class A pan evaporation, mm 1132.1 1184.3 


* Rainfall less than 2 mm not shown, but included in the total 


® May to September normal (30 years) precipitation, temperature (maximum, minimum and average), and evaporation are 251 mm, 33.5°C, 
—3.6°C, 14.5°C, and 1070 mm, respectively 


Table 4. Degree of freedom and mean square values from the analysis of variance for days from planting to selected reproductive stages, 
plant characteristics, and yield components 


Source Reproductive stage Plant characteristics and yield components per plant 


af R2* RS R6 Plant Lowest Number Number Number Seed Total 
height node of of of weight dry 
height nodes pods seeds matter 


38:1 602.1** 74.1 0.2 11.6 2:3 
Year x L 3.4 , 1.7 3.4 3.5 19.1 10:1* -0:3 0.2 2.0 0.1 0.2 
Year x T 0.6 : 8.9* 0.2 iho 56.5 23 0.1 0.1 533 0.1 0.9 
LxT 1.3 1.1 23 22.7 1.4 5.0 0.2 0.5 
Year x Lx T 1.0 ; 1:5 22 ES 4.5 3.0 0.5 2.6 17.1 0.4 0.8 
Rep (Year) 11.6 : 6.0 27.6 e921 15.3 12.4 1s ail 15.0 0.3 0.8 
Error 1.4 ; 1:9 23 2.8 20.2 3.0 0.3 1.6 Het 0.2 0.7 


*, ** Significance at P=0.05 and P=0.01, respectively 


* R2 to R8, respectively, are full bloom stage (R2), beginning seed stage (R5), full seed stage (R6), beginning maturity stage (R7), and full 
maturity stage (R8) 


» L=Level of moisture stress: irrigation at 20, 35, 50, or 65% depletion of available water capacity 


* T=Timing of moisture stress: irrigation at the prescribed L at all growth stages, except at the full bloom stage (R2), or at the beginning 
of seed stage (R5) 


mm 1985 mm 

3.9 May 24 10.0¢ 

oe 5.5 May 28 21 

12.0 
oe 24.4 Jul 16 5.8 
2 Jul 22 2.8 
eee 2.2 Jul 23 2.2 
fe 12.2 Jul 29 8.4 
5.0 
Aug 8 4.4 
ap 3.0 Aug 11 4.2 

pre 9.2 Aug 14 12.7 

a Aug 15 20.8 
23.8 Aug 20 

6.0 Aug 21 12.4 
11.2 
oe Sep 3 5.4 
a4 17.4 Sep 5 22.7 
15.2 
17.2 
11.3 
8.6 
8.4 
6.7 
: 
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Table 5. Mean days from planting to selected reproductive stages, plant characteristics, and yield components (averaged over L treatment) 


T* Reproductive stage 


Plant characteristics and yield components per plant 


RS R6 R7 R8 


Plant Number Number Number Seed Total 


1984 1985 1984 1985 1984-85 1984 


1985 (cm) 


height of of of weight dry 


nodes pods seeds (g) matter 
(g) 


TO 53.88a° 51.33a 
T2 53.46a 52.95b 
PS 


73.76b 65.33a 
72.85ba 66.976 
72.43a 65.33a 


86.97b 
87.42b 
85.97a 


87.94a 
87.28 a 


100.17a 
100.98 a 
88.81ab 99.83a 


41.07 
37.02b 
38.27b 


5.08a 
5.01a 
4.40b 


8.19a 
8.20a 
6.70b 


15.37a 
16.60a 
12.27b 


2.09a 4.06a 
2.29a 4.29a 
1.57b 3.11b 


* T=timing of moisture stress: irrigation at the prescribed L at all growth stages, except at the full bloom stage (R2), or at the beginning 


seed stage (R5) 


> Means followed by the same letter are not significantly different at the P=0.05 level (Duncan’s test) 


1984 


400 + o——O L20T0 


L35T0 
300 


144 158 172 186 200 214 228 242 256 270 
Julian date 


Fig. 2. Cumulative evapotranspiration of soybeans during 1984 
and 1985 growing seasons at Lethbridge, Alberta at varying soil 
moisture stress levels 


crop root zone is limiting, ET falls below its maximum 
rate (Fig. 2), and the crop yield is consequently reduced. 
The ET values under varying soil moisture stress levels 
shown in Fig. 2 were calculated by the LRSIMM (Leth- 
bridge Research Station Irrigation Management Model) 
developed by Foroud et al. (1992). Most crop productiv- 
ity parameters are influenced by ET, which is dependent 
upon the soil moisture in the root zone, in a complex way. 
The responses of these parameters to moisture stress at 
various times of the crop stage development were ana- 
lyzed. Results from the analyses of variance showed that 
the time to full bloom (R2) was not significantly affected 
by moisture stress treatments (Table 4). 

The moisture stress level (L) treatment affected the 
number of days to reach beginning seed (R5) (P=0.01) 


53.8 

53.4 

53.0 + 
52.6 + 
52.2 
51.8 + 
51.4 
51.0 ~ 


Days to beginning 
seed, R5 


96.6 
| 


R8 


Days to full maturity, 


65 


Fig. 3. Relationship of levels of moisture stress (L) to selected re- 
productive stages, RS and R8. Each point is the mean of 18 obser- 
vations 


and full maturity (R8) (P=0.05), but not full seed (R6) or 
beginning maturity (R7). In constrast, the timing of mois- 
ture stress (T) treatments only affected days to reach R6 
(P=0.05) and R7 (P=0.01). Year had an effect on all 
reproductive stages except R2. There were no significant 
Year x Lx T, LxT, or Year x L interactions on any re- 
productive stage, but the Year x T interaction was signif- 
icant (P=0.05) for days to reach R5, R6 and R8. This 
interaction apparently resulted from an inconsistent ef- 
fect of T on days to reach R5 and R8. There was no 
significant difference in mean days to the occurrence of 
RS due to the effect of T in 1984 (Table 5), but in 1985 the 
RS stage was delayed about 2 days when irrigation was 
withheld during the R2 stage. Similarly, stage R8 was 
delayed almost 2 days in 1984 due to withholding irriga- 
tion during the R5 stage. Withholding irrigation during 
the RS stage generally accelerated the occurrence of both 
the R6 and R7 stages. 

There were linear relationships between L and the time 
to stages R5 (r?=0.71) and R8 (r? =0.93). While R5 was 
delayed with increases in L (Fig. 3a), R8 occurred sooner 
(Fig. 3b). Moisture stress level (L) was expected to delay 
RS because the reduced photosynthesis generally observed 
under reduced ET rate (Huck et al. 1983; Baldocchi et al. 
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1985) would result in a shortage of available carbohy- 
drates, especially for nodes at the tip of the plant which 
are critical to this reproductive stage. Increasing moisture 
stress level caused premature senescence and pod abor- 
tion in the upper portion of the plant, leaving it with 
fewer pods to fill and mature, reducing the time needed to 
reach the R8 stage. 


Plant characteristics and yield component effects 


Results from the analyses of variance indicated that all 
treatments affected (P =0.01) all measured plant charac- 
teristics except the height of the lowest pod-bearing node 
(Table 4), which was not affected by any of the moisture 
stress treatments. Year only influenced plant height, seed 
weight, and total dry matter. The Year x L interaction for 
the height of the lowest pod-bearing node was the only 
significant interaction (P =0.05) but its practical implica- 
tion appeared to be negligible since neither Year nor L 
modified the height of the lowest pod. Withholding irriga- 
tion during R2 stage (T2) only reduced plant height, 
which was about 10% lower than that obtained under TO 
conditions (Table 5). No significant reduction in numbers 
of pods, seeds and seed weight occurred when irrigation 
was withheld during the R2 stage. There was apparently 
enough time and adequate amounts of these yield compo- 
nents left to compensate for any effects of moisture stress 
at the R2 stage. Withholding irrigation at R2 may thus be 
acceptable if irrigation water is limiting. On the other 
hand, withholding irrigation during R5 stage (TS) result- 
ed in significant reduction (P = 0.05) in plant height (7%), 
number of pod-bearing nodes (13%), number of pods 
(18%), total seed number (20%, seed weight (25%), and 
total dry matter (23%), compared with the TO treatment 
(Table 5). Reduced yield components associated with irri- 
gation withheld at RS caused a significant reduction in 
soybean yield (Foroud et al. 1992), indicating the impor- 
tance of supplying water to plants during the seed filling 
stage. 

Neither the Year x L nor T x L interactions were sig- 
nificant for the plant traits and yield components. There- 
fore, the main effects of moisture stress were on plant 
height, pod-bearing nodes, number of pods and dry mat- 
ter as expressed by the relationships shown in Figs. 4 and 
5. Plant height was significantly affected by L (P=0.01) 
(Table 4). The plants grown in plots irrigated at 20% 
(L20) or 35% (L35) depletion of AWC were much taller 
than those in plots irrigated at 50% (L50) or 65% (L65) 
depletion of AWC, leading to a quadratic relationship 
(r? =0.88) between plant height and L (Fig. 4a). The re- 
sults are in general agreement with those obtained by 
Doss et al. (1974) and Villalobos-Rodriguez et al. (1984). 
Doss et al. (1974) reported that plant height increased 
with a higher irrigation frequency. Villalobos-Rodriguez 
et al. (1984) found a 23% increase in height of indetermi- 
nate soybean due to irrigation and attributed the plant 
height response to the production of additional nodes 
and to a 10% increase in average internode length. In the 
present study, the number of pod-bearing nodes was re- 
duced (P=0.01) quadratically (r?=0.98) by L (Fig. 4b). 
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Fig. 4. Relationship of levels of moisture stress (L) to plant height 
and pod-bearing nodes. Each point is the mean of 18 observations 
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Fig. 5. Relationship of levels of moisture stress (L) to number of 
pods and total dry matter. Each point is the mean of 18 observa- 
tions 


This is consistent with the results of Villalobos-Rodriguez 
et al. (1984), although they did not restrict their count 
to reproductive nodes. In contrast, a linear reduction in 
pod number (Fig. 5a, r?=0.75) and dry matter produc- 
tion (Fig. 5b, r?=0.91) was associated with increasing L. 
These results are in agreement with those reported by 
Muirhead and White (1981) for snap beans. They ob- 
tained more pods when the crop was irrigated more dur- 
ing the pod-fill stage and a 47% reduction in the rate of 
dry matter when the soil water potential at the 30-cm 
depth declined from —28 to —40 kPa. 

The height of the lowest pod-bearing node, in contrast 
to the number of pod-bearing nodes, was not significantly 
affected by L or T treatment. This height is of general 
interest because of its direct relation to mechanical har- 
vest ease (the higher the node, the easier the harvest). 
Soybeans grown under moisture stress are no more diffi- 
cult to harvest than those grown without moisture stress. 
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Neither number of seeds per plant nor the seed weight 
per plant was significantly affected by L (Table 4). Rela- 
tively high numbers of seeds per plant and seed weights 
were produced with frequent irrigation (L20), but when 
the irrigation frequency was reduced to L35, the number 
of seeds and their weight per plant were reduced by 7.1% 
and 9.4%, respectively. No further reductions were ob- 
tained when the irrigation frequency was further reduced 
to L50 and L65. 

The moisture stress timing treatments (T) had a signif- 
icant effect on number of seeds and seed weight per plant 
(Table 4). The highest numbers of seeds and seed weights 
per plant were obtained (Table 5) from those plots in 
which irrigation was withheld at R2 stage (T2). Thus, 
compensatory mechanisms were effective when plants 
were irrigated during R3 and R4. The number of seeds 
and seed weight per plant decreased slightly, but not sig- 
nificantly, when irrigation was applied during R2 or R5 
stages (TO). However, seed yield and weight per plant de- 
creased significantly (Table 5) when irrigation was with- 
held during the R5 stage (T5). This was attributed to a 
decrease in number of pods per plant as a result of mois- 
ture stress at stage RS (TS). Both a lack of carbohydrates 
for the developing seeds after withholding irrigation and 
poorly developed vascular systems near the tips of in- 
florescences, impeding the translocation of assimilates, 
could be responsible for this decrease in pod number. 


Conclusions 


Level (L) and timing (T) of soil moisture stress affected the 
development and yield components of Maple Amber 
soybean. Neither L nor T had significant effects on days 
to full-bloom, stage R2, although there was a tendency for 
this reproductive stage to occur sooner. The L x T was 
not significant for any plant reproductive stage, plant 
characteristic, or yield component studied, nor was the 
Year x L significant, except for the height of the lowest 
pod-bearing node, which seemed negligible. Days to 
full maturity (R8), plant height, number of pod-bearing 
nodes, number of pods, and dry matter showed a linear or 
quadratic decline with increasing moisture stress level (L) 
(Figs. 3—5). Beginning of seed development, R5, was de- 
layed by moisture stress (Fig. 3), but time to full maturity 
(R8) was reduced slightly. Neither reproductive stage R6 
(full seed) nor R7 (beginning maturity) were significantly 
affected by L, but they were inconsistently affected by T. 
Significant reductions in number of seeds and their 
weight were attributed to the timing of moisture stress, 
especially by withholding of irrigation during the R5 
stage (P=0.05). Moisture stress at the R2 stage did not 
significantly affect any developmental stages and yield 
components, but reduced plant height. Moisture stress at 
the RS stage, however, caused a significant reduction of 7 
to 25% in all measured traits, indicating the importance 
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of irrigation during this stage of plant development. If 
water supplies are limited, withholding irrigation at R2 
may be acceptable, but irrigation at RS is essential to 
optimize seed yield. 
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Abstract. A relationship between crop yield and irriga- 
tion water salinity is developed. The relationship can be 
used as a production function to quantify the economic 
ramifications of practices which increase irrigation water 
salinity, such as disposal of surface and sub-surface saline 
drainage waters into the irrigation water supply system. 
Guidelines for the acceptable level of irrigation water 
salinity in a region can then be established. The model 
can also be used to determine crop suitability for an irri- 
gation region, if irrigation water salinity is high. Where 
experimental work is required to determine crop yield 
response to irrigation water salinity, the model can be 
used as a first estimate of the response function. The most 
appropriate experimental treatments can then be allocat- 
ed. The model adequately predicted crop response to wa- 
ter salinity, when compared with experimental data. 


Abbreviations: A, Crop threshold rootzone salinity in Equation of 
Maas and Hoffman (dS/m); B, Fractional yield reduction per unit 
rootzone salinity increase (dS/m)~'; C,, Average salinity of applied 
water (dS/m); C,, Average salinity of rainfall (dS/m); C,, Linearly 
averaged soil solution salinity in the rootzone (dS/m); C,,, Linearly 
averaged soil saturation extract salinity in the rootzone (dS/m); C,, 
Average salinity of irrigation supply water (dS/m); C,, Soil solution 
salinity at the base of the crop rootzone (dS/m); <C>, Mean root 
water uptake weighted soil salinity in equation of Bernstein and 
Frangois (1973) (dS/m); E,, Depth of class ‘A’ pan evaporation 
during the growing season (m); ET,, Actual crop evapotranspira- 
tion during the growing season (m); ET,,, Maximum crop evapo- 
transpiration during the growing season (m); I, The total depth of 
water applied during the growing season (including irrigation water 
and rainfall) (m); K, Empirical coefficient in leaching equation of 
Rhoades (1974); K., Crop coefficient for equation of Doorenbos 
and Pruit (1977) to estimate crop water use; K,, Yield response 
factor in equation of Doorenbos and Kassam (1974); LF, The leach- 
ing fraction; Ro, Depth of rainfall runoff during the growing season 
(m); R, Depth of rainfall during the growing season (m); W, Depth 
of irrigation water applied during the growing season (m); Y, Rela- 
tive crop yield; Y,, Actual crop yield (kg); Y,,, Maximum crop yield 
(kg); 6/z, Dimensionless depth for equation of Raats (1974), and 
empirical coefficient for the leaching equation of Hoffman and van 
Genutchen (1983) 


Irrigation areas often develop high watertables and salin- 
ity problems. If sub surface drainage is installed, effluent 
disposal options become important. In addition, surface 
runoff can be saline and cause pollution of rivers and 
wetlands. Application of surface and sub-surface drainage 
waters onto crops can be an economic and environmen- 
tally acceptable means of disposal, but the effect of the 
level of irrigation water salinity on crop yields must be 
known. It is also important to know the effect of water 
salinity on crop yields in order to determine crop suitabil- 
ity in regions where irrigation water salinity is high. 

Crop yield under saline conditions depends on crop 
salt tolerance and rootzone salinity, the latter being de- 
scribed in terms of both the rate of salt additions to the 
rootzone (i.e., in terms of irrigation water salinity) and the 
rate of salt depletion from the rootzone (leaching). There- 
fore the impact that changes in salinity of irrigation sup- 
ply water have on rootzone salinity depends on the leach- 
ing rate attainable at a particular site. The magnitude of 
yield reductions with increases in rootzone salinity is de- 
termined by crop salt tolerance. Crop salt tolerance is 
determined primarily by innate plant physiological char- 
acteristics, although salt tolerance is also affected to some 
extent by environmental and other factors such as humid- 
ity, temperature, growth stage and water stress (Bernstein 
1964; Greenway and Munns 1980). 

The relative importance of leaching and water salinity 
to rootzone salinity appears to depend on local condi- 
tions. In a number of studies a linearly averaged soil 
salinity over depth in the crop rootzone is an appropriate 
indicator of crop yield (for example in Bower et al. 1969; 
Shalhevet and Bernstein 1968; Bower et al. 1970; Ingval- 
son et al. 1976; Rhoades 1974). In other cases yield is 
more highly correlated with irrigation water salinity, and 
leaching appears to be of lesser importance to rootzone 
salinity (as suggested by Bernstein and Francois 1973; 
Smith and Hancock 1986). Other approaches with differ- 
ent emphasis to describe likely yield response have also 
been used (Ayers and Westcott 1985; Hoffman and van 
Genuchten 1983). 


' Bernstein & Francois (1973) 

—— Hoffman & van Genutchen 
(1983) 

--- Rhoades (1974) 


Dimensionless Rootzone Salinity 


Leaching Fraction, LF 
Fig. 1. A comparison of the leaching equations of Rhoades, 1974 


(C,/C,;=0.5 K (14+1/LF)), Bernstein and Francois 1973 (<C)/C, 
=In(1+1/LF)) and Hoffman and van Genuchten, 1983 (C,/C; 
=1/LF + (6/z- LF) (In{LF+(1—LF) exp(z/6)}}). Symbols are 
defined in the symbols list. The equations of Rhoades (1974) and 
Hoffman and van Genuchten (1983) use empirical coefficient values 
of K=0.8 and 6/z=0.2 respectively, as suggested by these authors 


Leaching equations express rootzone salinity in terms 
of applied water salinity and the leaching fraction. The 
leaching fraction is defined as the fraction of infiltrated 
applied water which passes below the crop rootzone. Be- 
cause the importance of the leaching fraction to rootzone 
salinity appears to be site specific, the choice of a particu- 
lar equation as a yield indicator will depend on local 
conditions. The leaching equations of Rhoades (1974); 
Bernstein and Francois (1973); and Hoffman and van 
Genuchten (1983) are compared in Fig. 1 in dimensionless 
form as yield indicators. The equation of Hoffman and 
van Genuchten (1983) uses a root water uptake profile 
which is exponential with depth, as suggested by Raats 
(1974). The equations of both Rhoades (1974) and Hoff- 
man and van Genuchten (1983) have empirical coeffi- 
cients incorporated, and therefore have the flexibility to 
be fitted to a range of conditions and data. 

Quantification of water salinity effects on yield is com- 
plicated by the dynamics of water and solute movement, 
spatial variability of soil properties and the water budget, 
and temporal variations in climatic conditions. In addi- 
tion, for surface irrigation, the unit of water management 
is the irrigation bay, and spatial variability of water appli- 
cation and leaching at bay scale is determined by irriga- 
tion layout and management (Walker and Skogerboe 
1987; Hansen 1987). Factors associated with scale are not 
accounted for in simple deterministic leaching models, 
nor in the yield response model developed here. Despite 
these difficulties, there is a considerable bank of knowl- 
edge on the effects of rootzone salinity and leaching on 
crop yields. This information can be combined with mea- 
surements of locally attainable leaching fractions, and with 
the relationship between these measured leaching fractions 
and measured rootzone salinity. Theory to be developed 
from these aspects can then enable an estimate of the effects 
of irrigation water salinity on crop yields. 


Rainfall (R) 


Irrigation Water Infiltrated (W) 
$e 


Soil Surface 


Rainfall 
Runoff (Ro) 


Leaching Flux = |.LF 
Fig. 2. Conceptual model for irrigated crops. Water inputs are from 
irrigation and rainfall; these are then used by the crop as evapotran- 
spiration or provide leaching by percolation below the rootzone. 
Some rainfall is lost as runoff 


Theory 


The model used to quantify the effects of irrigation water 
salinity on crop yields is illustrated in Fig. 2. Steady state 
conditions are assumed, and all water quantities are ex- 
pressed as annual equivalent ponded depths. 

The applied water salinity (C;), for the model in Fig, 2 
can be determined by the average salinity of irrigation 
water and infiltrated rainfall, where rainfall is reasonably 
uniformly distributed through the growing season (Shain- 


berg and Oster 1978), Thus C; can be calculated as: 
C, =((R—Ro)- C,+W:- C,,)/(R—Ro+W), (1) 


where R is rainfall during the growing season, Ro rainfall 
runoff, C, the salinity of rainfall, and W and C,, are the 
depth and salinity of infiltrated irrigation water respec- 
tively. Rainfall runoff can be increased by higher soil sod- 
icity or reduced crop water use associated with increases 
in soil salinity. Where rainfall runoff is a known function 
of salinity, this function for infiltrated rainfall could be 
substituted into Eq. (1), without increasing the number of 
variables. 

The depth of irrigation water required by the crop 
depends on crop water use (E T,), which can be estimated 
for maximum yields (when ET, = ET,,) from pan evapora- 
tion (E,), multiplied by a pan coefficient of 0.85 and a crop 
coefficient (K.) (Doorenbos and Kassam 1974; Dooren- 
bos and Pruit 1977), by: 


ET,, = 0.85 K, E,. (2) 


The effect of water salinity is to be estimated for a 
range of levels of rootzone salinity. Some of these levels 
will result in reduced yield and reduced crop water use. 
Reduced evapotranspiration can be reasonably estimated 
by assuming water use is linearly related to yield 
(Doorenbos and Kassam 1974; Hanks 1974; Stewart 
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et al. 1977; de Wit 1958), that is, 


ET, 


where Y, and Y,, are actual and maximum yield respec- 
tively, ET, and ET,, are actual and maximum evapotran- 
spiration respectively, and K, is a yield response factor 
(Stewart 1972; Doorenbos and Kassam 1974). Greater 
yield sensitivity to water stress occurs at high values of K, 
than at lower values. The magnitude of K, depends on 
growth stage for some crops, and the total seasonal K, 
can be reduced by minimising water stress at sensitive 
stages of growth (Doorenbos and Kassam 1974. 

For the model in this paper, crops are under salinity 
stress, and relative crop yield (Y) can be equated to Y,/Y,, 
in Eq. (3). Substituting Y and rearranging Eq. (3) yields 
an expression for crop water use, ie., 


ET,=ET,(¢ +1- (4) 


¥ 
Mass conservation of water for the model of Fig. 2 
requires that the total depth of applied water (J) must 


equal crop water use ET, from Eq. (4), plus water lost 
below the rootzone as the leaching fraction (LF). That is, 


(5) 


Rearranging in terms of J, and substituting ET, with a 
function of E, from Egs. (2) and (4) gives: 


_ 085K.-E, 
K,(1—LF) 


Equation (6) assumes that there is no water loss 
through large cracks and voids that bypass the rootzone. 
This assumption is reasonable in some irrigation regions, 
where the magnitude of water fluxes bypassing the root- 
zone appears to be small (as in Prendergast and Noble 
1990). Where watertables are close to the surface water 
fluxes through cracks may be terminated by the water- 
table before passing below the rootzone. Water fluxes 
bypassing the rootzone would normally be a small com- 
ponent of the surface water budget equation (6), but could 
be included where appropriate. 

The depth of applied irrigation water (W) required to 
quantify C,; in Eq. (1), can then be calculated from the 
difference between total applied water (J), and rainfall (R) 
minus runoff (Ro), by: 


W=I-—(R—Ro). (7) 


(Y+K,—1). (6) 


Equations (1), (6) and (7) can be used to determine the 
average applied water salinity from climatic data, yield, 
K,, K,, LF, and the salinity of irrigation water. However, 
crop yield is more closely related to rootzone salinity than 
applied water salinity, and rootzone salinity can be deter- 
mined from a leaching equation and the equations above. 
The leaching equation of Rhoades (1974) is used here 
because of its simplicity and because it is shown to ade- 
quately describe soil salinity data used later. 


The equation of Rhoades (1974) is: 
C,=0.5K-C,(1+1/LF), (8) 
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where C, is rootzone salinity (the average salinity of the 
soil solution in the rootzone), C; is applied water salinity, 
LF is the leaching fraction and K is an empirical coeffi- 
cient. 

Finally, whilst the above equations, (1), (6), (7) and (8), 
can be used to determine rootzone salinity in terms of 
water salinity and the leaching fraction, crop yield re- 
sponse to rootzone salinity also depends on the crop’s 
salt tolerance. Maas and Hoffman (1977) have compiled 
much field experimental data to relate rootzone salinity 
to crop yield, and they determined an expression for crop 


yield as: 


Y(%)=100—B(C,,—A), C,.>A (9) 
where Y is the relative yield, A is the threshold rootzone 
salinity, defined as the maximum value of salinity at 
which no yield reduction occurs, B is the percentage yield 
reduction per unit salinity increase, and C.,, is the average 
rootzone salinity (as measured in the soil saturation ex- 
tract). Equation (9) is only valid for rootzone salinity (C,, ) 
above the threshold (A) and can be expressed in fractional 
form by dividing by 100. 

It can be reasonably assumed that C, in Eq. (8) equals 
C,, (used in Eq. (9)) times the ratio of the saturation ex- 
tract water content to the water content at field capacity 
(i.e. when soil matric suction equals approximately 
10 kPa). The assumption implies that over the range of 
typical water contents from field capacity to soil satura- 
tion extract values, the processes of cation exchange, and 
dissolution have little effect on soil sample solute concen- 
trations. The ratio is given a value of 2.5 for this paper, 
this value being typical for soils in the Shepparton region. 
The value of 2.5 is close to the value of 2.0 suggested by 
van Schilfgaarde et al. (1974) and Maas and Hoffman 
(1977). 

Solvings Eggs. (1), (6), (7), (8) and (9) in fractional form, 
yields an expression for crop yield in terms of irrigation 
water salinity and the leaching fraction. The expression is: 


Y=1+0.01 A-B—0.002B-K (1+ — 


{c 
0.85 E,(¥+K,—1) 


K,(R—Ro)(1—LF) 


085K.-E,” 


(10) 


noting that the equation is only for yield (Y) below 
threshold salinity, and that the equation asymptote oc- 
curs where total crop water use can be supplied from 
rainfall. Only insignificant errors will result in Eq. (10) if 
C, is equated to zero. 

In Eq. (10), Y appears on both sides, because yield is a 
function of average water salinity, but average applied 
water salinity is also a function of yield or crop water use 
(Eq. (1)). Crop water use determines W, and therefore C,, 
because the magnitude of rainfall dilution of saline irriga- 
tion water depends on the percentage of total water con- 
tributed from rainfall. 
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Model testing 


In this section the theory developed is tested, by compar- 
ing yield predictions using Eq. (10) with field experimen- 
tal results from irrigated pasture. Firstly, the leaching 
equation is fitted to field data using ‘Genstat 5’ (Lawes 
Agricultural Trust, Rothamstead Experimental Station) 
to determine a value of K to be used in Eq. (10). 

The leaching equation of Rhoades (1974) is fitted in 
Fig. 3 to leaching data from field experimental work con- 
ducted in the Shepparton Irrigation Region, Victoria, 
Australia. Leaching fractions are calculated using steady 
state assumptions. Steady state assumptions for estimates 
of leaching fractions under flood irrigation were shown to 
be valid in the Shepparton Irrigation Region by Lyle et al. 
(1986) and Noble et al. (1989). The data in Fig. 3 were 
obtained from replicated field plots on different soil types 
irrigated with a range of irrigation water salinity treat- 
ments. The leaching fraction was calculated from soil 
chloride profiles obtained through destructive soil sam- 
pling. The leaching equation of Rhoades (1974) is fitted to 
the data using least squares. Rhoades (1974) suggested K 
has a value of about 0.8 for low LF, which is somewhat 
less than the value of K =1.03 (R?=0.97) fitted here. 
Where steady state assumptions are invalid, a better ex- 
pression for rootzone salinity may be obtained by more 
detailed experimental work and modelling to obtain time 
integrated or time variable parameters for the leaching 
equation and yield response model. 

The equation of Bernstein and Francois (1973) sug- 
gested by Smith and Hancock (1986) to be an appropriate 
yield indicator, was inadequate for describing the data in 
Fig. 3. The equation of Hoffman and van Genuchten 
(1983) illustrated in Fig. 1 could be used to describe these 
data using a value of 0.11 for their empirical coefficient 
5/z (R? = 0.98), which results in an equation that is very 
similar to Rhoades’ equation with K = 1.03 (R? = 0.97). 

Using the fitted leaching equation parameter (K), 
Eq. (10) can now be tested against experimental yield re- 
sponse of perennial pasture to water salinity. The field 
layout of the experimental work to be used for this pur- 
pose consisted of four replicates of five irrigation water 
salinity treatments (C,=0.22, 0.66, 1.26, 2.31 and 
4.84 dS/m), overlying treatments with and without ap- 
plied gypsum, in a split plot design (Mehanni and Repsys 
1986). Parameter values A and B for the equation of 
Maas and Hoffman, were found to be 1.6dS/m and 
8.9 (dS/m)~' respectively, for the pasture. Approximate 
steady state conditions were achieved after four years of 
saline irrigation, and the average yields in the four years 
following attainment of equilibrium in the experiment are 
given in Table 1, as reported by Mehanni and Repsys 
(1986). Leaching fractions under the plots were calculated 
by Lyle et al. (1986), and are given in Table 1. Also given 
in Table 1 are yields reported by Mehanni and West 
(1992) from the same plots used in subsequent years, but 
with the gypsum treated areas not included in the exper- 
iment. The discrepancy between the two sets of experi- 
mental results is probably because of higher salinity 
caused by the gypsum application rate of 5 t/ha/yr, in 
addition to random experimental error. Mehanni and 
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Fig. 3. Leaching data from the Shepparton Irrigation Region, Aus- 
tralia, with the leaching equation of Rhoades (1974). Data from 
Noble et al. (1989) and Lyle and Wildes (1986) are from irrigated 
perennial pasture and data from Noble et al. 1987 from irrigated 
lucerne. Leaching fractions are estimated from steady state chloride 
mass balance using LF =C,/C_, where C, is the average applied 
water salinity and C, is the soil solution salinity at the base of the 
rootzone. Rootzone salinity is C,/C,, where C, is the average root- 
zone soil solution salinity 


Table 1. Yield of perennial pasture from experimental work of 
Mehanni and Repsys (1986), and Mehanni and West (1992), com- 
pared with predictions using Eq. (10). Leaching fractions are those 
calculated by Lyle et al. (1986) from the experimental work of 
Mehanni and Repsys (1986) 


C LF 


Yield (Y)* 
(dS/m) 


Mehanni and 
Repsys 1986 


Yield (Y)** 
Mehanni and 
West 1992 


Yield (Y) 
Eq. (10) 


0.22 0.02 1.0 1.0 1.0 
1.26 0.11 0.93 0.99 + 0.08 
2.31 0.12 0.75 0.82 + 0.05 
4.84 0.17 0.50 0.68 + 0.11 


* No errors available ** +95% confidence interval 


Repsys (1986) reported no significant effect of gypsum on 
yield, and therefore pooled mean yield values from gyp- 
sum and non-gypsum treatments. The 0.66 dS/m treat- 
ment from Mehanni and Repsys (1986) has been omitted 
from Table 1, because it was below the salinity threshold, 
and not continued in the work of Mehanni and West 
(1992). 

Parameters required for prediction of yield from 
Eq. (10) that are typical of the Shepparton Irrigation 
Region in an average year are: R=0.48 m, Ro=0.3R 
= 0.144 m, E, =1.4 m, C, = 0.008 dS/m, K,=1, K,=1.05. 
The value of K, is taken from Hanks (1983) for lucerne, 
and is used here because of the lack of a more appropriate 
value. The predicted yield values are given in Table 1, 
after solution of Eq. (10) using the values of water salinity 
and leaching fraction in the experimental work. The mod- 
el predictions agree well with the experimentally deter- 
mined values. Rainfall runoff has been assumed constant 
for the calculations. However, it is known that runoff is 
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increased by high sodicity (Shainberg and Letey 1989), 
and by high salinity which reduces crop water use and 
results in higher antecedent water content (B. Prender- 
gast, unpublished data). If runoff is described as increas- 
ing with salinity, a steeper yield response function will 
result, so that greater yield reductions will occur at higher 
salinity levels, compared with those illustrated in Table 1. 
There is no information on the effect of salinity on rainfall 
runoff in the Shepparton region, which is used here as an 
example, and hence the value for runoff is kept constant. 


Model application 


Equation (10) is plotted in Fig. 4 for some crops grown in 
the Shepparton Irrigation Region. Parameter values 
nominated for the equation are listed in Table 2 and are 
chosen as typical for the Shepparton region and the crops 
illustrated. 

Equation (10) can also be used to determine the value 
of irrigation water salinity that equals the threshold for 
yield reduction, by evaluating C,, at Y=1, for a particular 
value of LF. The leaching fraction at threshold applied 
water salinity is equal to the leaching requirement. 
Threshold water salinity is primarily a function of the 
leaching fraction and crop salt tolerance and is illustrated 
in Fig. 5 below for some crops. 
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Table 2. Parameter values used in Fig. 4 to plot Equation (10). Ex- 
cept where indicated by a data source, values considered as best 
estimates for the Shepparton Irrigation Region are used 


Model 
parameters 
(units) 


Perennial 
pasture 


Annual 
pasture 


Lucerne Tomato 


R(m) 0.48 0.36 0.48 0.3 
Ro (m) 0.144 0.09 0.144 0.075 
E, (m) 1.48 0.77 1.48 1.2 
K 1.03 1.03 1.03 1.03 
K. 1.0 0.9 1.0 0.7 
1.05 1.05 1.05? 1.053 
A(dS/m) 1.64 1.65 2.56 
B(dS/m) 8.94 9.05 73° 


' W. Ashcroft (pers. comm.), 7 Hanks (1983), > Doorenbos and Kas- 
sam (1974), * Mehanni and Repsys (1986), > Noble (1991), © Maas 
and Hoffman (1977) 


Discussion 
Salinity induced water stress 
The salinity of irrigation water can affect crop productiv- 


ity through depressed osmotic potential of soil-water at 
low and intermediate salinity levels, and through toxicity 
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Fig. 5. Threshold irrigation water salinity calculated from C,, in 
Eq. (10) with Y =1. Parameter values are from Table 2 
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of specific ions at higher levels (Bresler et al. 1982). Low 
osmotic potentials affect crop water use in a similar man- 
ner to low soil matric potentials. Therefore the linear 
relationship between crop yield and evapotranspiration 
or water stress, suggested by many workers (e.g. Ras- 
mussen and Hanks 1978; Shalhevet et al. 1976; Sorensen 
et al. 1979), is adequate for description of salinity effects 
on crop water use. The assumption is implied by use of 
Eqs. (3) with (9) for the derivation of Eq. (10). Experimen- 
tal justification for this assumption is illustrated by Hoff- 
man et al. (1979) who found a linear relationship between 
crop transpiration and dry matter production for a range 
of levels of rootzone salinity in wheat, sorghum and let- 
tuce. A linear equation was used by Shalhevet and Bern- 
stein (1968) to described the relationship between lucerne 
evapotranspiration and yield, under saline conditions. 
Hanks (1983) illustrated that salinity treatments and oth- 
er water deficit treatments fell on the same linear relation- 
ship between yield and evapotranspiration, using data 
from Stewart et al. (1977). Equation (3) of Stewart et al. 
(1977) also adequately described corn yield for a range of 
salinity levels in work by Frenkel et al. (1990). Deviations 
from the relationship may be expected under highly saline 
conditions with toxic ion effects, although these levels of 
salinity usually render crop production uneconomic. The 
relationship may not hold as well for woody species, 
which are often more sensitive to toxic effects of chloride 
and sodium (Maas 1986). 

The linear water use equation (3) can be representative 
ofa particular crop, but it can vary somewhat for different 
years, with crop variety (Hanks 1983) and with solar irra- 
diance (Kanemasu 1983; van Keulen 1987). Tanner and 
Sinclair (1983) suggest yield may be better normalised 
with environmental vapour pressure deficit, than with 
pan evaporation, for correlation with crop water use. 
When crop yield is to be related to evapotranspiration as 
in Eq. (3), rather than transpiration, further difficulties 
can be encountered with derivation of an appropriate 
generalised estimate of soil evaporation (Hanks 1983; 
Ritchie 1983), because of site specific soil properties and 
temporal variations in crop leaf area. For grain and other 


harvested crops the yield impact of water deficit depends 
on growth stage (Doorenbos and Kassam 1979; Hanks 
1974); a harvest index, defined as the ratio of yield to dry 
matter production, may be necessary to improve predic- 
tion. In a glasshouse experiment on wheat, Passioura 
(1977) illustrated variation in the harvest index from 0.2 
to 0.5 in response to water use after anthesis. Nevertheless 
Hanks and Sorensen (1985) show that repeatable values 
of a harvest index can be measured for a region. In all, the 
linear relationship between crop dry matter production 
and evapotranspiration, Eq. (3), appears to be adequate 
for use in the first order estimate of water salinity effects 
on yield, for an average year, using Eq. (10). Time variable 
parameters may improve the accuracy of calculated re- 
ductions in water use with reduced yields, for a particular 
year, although Hanks (1974) suggests that this will result 
in significant improvement in only a minority of cases. 


Rootzone leaching 


The functional shape of the leaching equations (see Fig. 3) 
illustrates that rootzone salinity is very sensitive to 
changes in LF at low values of LF. Rootzone salinity is 
relatively insensitive to changes in LF at high values of 
LF (see Fig. 3). Therefore difficulties in accurate determi- 
nation of LF from field data can affect the fit of the leach- 
ing equation. Poorer correlation will result from only 
small errors in measured LF at low LF, whilst correlation 
will be less sensitive to errors in LF at high LF. Therefore 
a leaching equation fitted through least squares may be 
excessively influenced by errors in estimates of LF at low 
LF; in this case the correlation coefficient may be mis- 
leading, if it is assumed to be an indicator of the equa- 
tion’s ability to predict C,. The problem is not evident in 
field data from the Shepparton region (Fig. 3), as the 
equation fits well at high and low values of LF. If LF is 
the dependent variable in the leaching equation, the fit is 
more important at low C, and high LF, whereas the fit is 
more important at low LF if C, is the dependent variable. 
Practically, there is only limited scope for variation in 
LF at a particular site, because of site specificity of soil 
properties and stratigraphy and landholder management 
practices, which are subject to many practical constraints. 
The leaching equation is more realistically used to deter- 
mine C,. Hoffman and van Genuchten (1983) found good 
agreement between predictions of the leaching require- 
ment (the yield threshold for LF) from their derived 
leaching equation and experimental values of the leaching 
requirement. As discussed above, this may not necessarily 
validate the equation for estimating rootzone salinity for 
use in the yield response model developed here. 

The data illustrated in Fig. 3 indicate some inaccuracy 
would have resulted if the leaching equation of Hoffman 
and van Genuchten (1983) or Rhoades (1974) had been 
used with coefficient values suggested by these authors. 


Model implications 


The magnitude of yield reductions with increases in water 
salinity is quantified by the partial derivative (OY/OC,,) of 


2.0 
1.5 
7 
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Eq. (10), which represents the slope of the Eq. (10) piotted 
in Fig. 4. The derivative is negative, and increases in mag- 
nitude with increases in sensitivity of yield to changes in 
supply water salinity. Reductions in LF and R, and in- 
creases in B and K,, all increase the magnitude of the 
derivative and therefore result in greater yield loss from a 
given increase in irrigation water salinity above the 
threshold. 

By definition, irrigation water salinity below the 
threshold level will not cause yield reduction. The greatest 
yield penalty for water salinity increases at any particular 
value of LF, occurs for values of water salinity just above 
the threshold (Fig. 4). Threshold irrigation water salinity 
from Eq. (10) depends primarily on crop salt tolerance, 
crop water use, infiltrated rainfall and the leaching frac- 
tion. The magnitude of production losses due to increases 
in water salinity for a particular crop in an irrigation 
region depends on the percentage of sites where only low 
leaching rates can be achieved. These sites are more sensi- 
tive to a decline in water quality. Small values of the 
leaching fraction are expected where high watertables 
persist, because high watertables are the result of restrict- 
ed groundwater flows under irrigation. Restricted out- 
flows from the groundwater system underlying irrigation 
means there is only limited capacity in the system to 
accommodate leaching fluxes. 

The effect of application of a smaller annual depth of 
irrigation water is implied in Eq. (10) and Fig. 4. The 
smaller depth of yearly water use in annual pastures in 
comparison to perennial pastures for example, means is 
greater dilution of saline irrigation water by rainfall, and 
this results in an increase in the threshold irrigation water 
salinity. This effect was also evident in field experimental 
work conducted in the Shepparton region by Noble et al. 
(1989), who suggested partial irrigation of perennial pas- 
tures resulted in greater tolerance to applied irrigation 
water salinity. However, a reduction in applied water 
depth is also likely to have the effect of reducing LF, 
which decreases the threshold irrigation water salinity 
(Figs. 4 and 5). Reduction in LF may more than offset the 
potential benefits of greater rainfall dilution of rootzone 
salinity that results from a reduction in the depth of ap- 
plied irrigation water. 


Conclusion 


The yield effects of changes in irrigation water salinity can 
be assessed through the simple deterministic model 
derived here. If leaching equation parameters required for 
the model are not known for an irrigation region, 
parameters from a validated leaching model such as that 
of Rhoades (1974), or Hoffman and van Genuchten 
(1983), can be used. Preferably the leaching equation is 
fitted to regional data obtained through field sampling at 
a range of values of rootzone salinity, field experiments or 
most expensively, through lysimeter experiments. 

The derived model can reduce the number of costly 
local yield response experiments required for different 
crops and soil types. The model can also be used to opti- 
mise experimental design, by enabling an estimate of 
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threshold irrigation water salinity, before experimental 
work on yield response to water salinity is undertaken. 
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Abstract. The economic impact of reducing the amount 
of nitrate leached out of the root zone under irrigation in 
the arid West was examined. The economic incentives of 
irrigation management were evaluated under the assump- 
tions of both profit-maximizing and utility-maximizing 
(in reducing cost and effort expended in irrigation) deci- 
sion-making criteria. The results indicate that there is a 
coincidence of interests of the farmer and the environ- 
ment provided some leaching occurred. If no leaching is 
allowed, profit decreases markedly. Both behaviors result 
in less nitrate leaching than less profitable or less utility- 
producing irrigating practices. 


The approximately 9.7 million hectares of farmland un- 
der irrigation in the 11 Western States (USDA 19839) is the 
most productive farmland in the region. Nitrogen must 
be applied with irrigation to maximize crop yields. 

Drainage is generally required on irrigated land to 
maintain salt balance. Drainage water can carry nitrate 
as well as other soluble salts below the root zone. 
“The amount of NO; that leaches from a soil depends on 
the amount of water that moves through the soil and the 
amount of NO; in the soil when water drains through 
and out of the soil profile” (Pratt 1984). 

Others factors that affect the amount of nitrate leached 
and/or the concentration levels in groundwater in- 
clude: (1) soil characteristics; (2) amount and timing of 
water applied as irrigation water or natural precipitation; 
(3) amount, timing, and species of nitrogen applied; (4) 
nature of the aquifer, ie., recharge area and rate, depth, 
and rock formations (Edwards 1988); and (5) crop and 
plant population (IFIA 1983). 

Nitrates leached into groundwater may be associated 
with the following external costs: (1) methemoglobinemia 
(blue baby) in humans and other mammals; (2) cardiovas- 
cular collapse and shock in horses; (3) possibility of can- 
cer (EPA 1987); and (4) eutrophication of water bodies 
(IFIA 1983). Nitrate leaching also represents the loss of an 
input. 
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The growing public concern about agriculture and wa- 
ter quality has been accompanied by an increasingly neg- 
ative view of agriculture... Farmers are being admon- 
ished by people of substantial political influence to take 
responsibility for agricultural impacts on the environ- 
ment. President Bush has endorsed a Federal initiative to 
protect groundwater resources form fertilizers and pesti- 
cides, stating explicitly that, ultimately, *... farmers must 
be responsible for changing production practices to avoid 
contaminating ground and surface waters’ (Offutt 1989, 
p. 138) (Carriker and Purvis 1990). 


Susan Offutt of the Office of Management and Budget has 
stated: 


... [The] fundamental issue here is the recognition and 
acknowledgement that, no matter what, agriculture dis- 
turbs the natural environment. The real issue is how 
much disturbance society will accept; not whether it will 
accept any at all. 

The bottom line is that farmers need to understand 
that there will indeed be a cost to pollution abatement 
and that it may well be their responsibility to accept those 
costs moving quickly to meet society’s objectives for pro- 
tection of environmental quality (Carriker and Purvis 
1990). 


Few studies have integrated the work of economists, 
soil scientists, and irrigation engineers concerning nitrate 
leaching and irrigation. This paper attempts to integrate 
the economic incentives for irrigation management with 
knowledge of the relationship between irrigation man- 
agement and nitrate movement. We identify some of the 
costs associated with reducing nitrate leaching on three 
soil types and three weather scenarios under corn produc- 
tion. 


Methodology and simulation procedures 


We selected NTRM, A Soil-Crop Simulation Model for 
Nitrogen, Tillage, and Crop-Residue Management (Shaf- 
fer and Pierce 1987) to model the soil and crop interac- 
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tions. This model responds to daily weather, tillage 
events, and location of nitrogen in the soil profile, soil 
types, and many other factors. Three soils — a fine sandy 
loam, a silt loam, and a silty clay — were selected on the 
basis of water-holding capacity and other soil character- 
istics. The total soil profile was 1.68 m deep for each soil 
simulated. Soil characteristics were obtained from soil 
survey data (Chadwick et al. 1975). 

Actual temperature and precipitation data for Corin- 
ne, Box Elder County, Utah, for two years (1982—83 and 
1985-86) from April 1 to March 31 (USC) were used. 
Average precipitation data for the 30 years (1951 to 1980) 
were also used with 1985—86 temperature data. The 30- 
year average precipitation is 403 mm. The 1982—83 and 
1985-86 precipitation levels were 160 and 131% of the 
30-year average, respectively. All precipitation was treat- 
ed as if it was rain in the simulations. It is difficult to 
model snowmelt because it is affected by many factors 
including sudden temperature changes, frozen or thawed 
soil, snow movement by wind, etc. (Crowder et al. 1985). 
Thus, results for the winter period are likely to be less 
accurate than those for the growing season. 

Weather data from Corinne were selected for several 
reasons. The frost-free season in the region is greater than 
120 days. Corinne is on the lower Bear River, which is on 
the priority watershed list for the state (UBWPC 1986). 

Corn was selected because it has high nitrogen require- 
ment, which increases the potential for nitrate leaching. 
Corn for silage (88 888 plants per ha) was simulated for 
each soil type and weather condition employing manage- 
ment practices typical for Box Elder County in Northern 
Utah (UASS 1989). Corn is usually planted in May and 
is harvested from mid-September to late October. For the 
simulations, corn was planted on May 15 and harvested 
on October 1. Two tillage events were simulated. Ammo- 
nium nitrate fertilizer 224 kg/ha elemental N was incor- 
porated into the top 51 mm of the soil on May 14 and 
fields were plowed after harvest on October 3. Other cul- 
tural practices were not modeled, i.e., land planing (fur- 
row irrigation is the standard method of irrigation for 
Bear River Canal Co. water users), chemical applica- 
tions, rotary hoeing, cultivating, chopping, trucking, and 
packing silage in the pit silo. 

Ammonium nitrate is the most widely used nitrogen 
fertilizer in the area. Half of the nitrogen applied is in the 
nitrate form and, thus, would be available for leaching 
soon after it was applied. At the beginning of the season, 
we assumed there was 46 kg/ha of residual nitrogen, 
6 kg/ha of which was nitrate. Residual nitrogen was as- 
sumed to be evenly distributed in the top 300 mm, with 
none below this soil depth. Expected yield with this level 
of available nitrogen (270 kg/ha) was 85 181 kg/ha of si- 
lage (James and Topper 1989), which was higher than 
most farmers achieve. Average yield in the county is 
50 436 kg/ha (UASS 1989). 

The five irrigation regimes that were selected were 
based on water rights of the Bear River Canal Company, 
the major supplier of irrigation water for Eastern Box 
Elder County. The water rights are approximately 51 mm 
per week per ha (BRCC 1991). Depending on the crop- 
ping pattern, a farmer can irrigate every 2 weeks and 


apply 152, 102, or 76 mm of water, or a farmer can irri- 
gate every week and apply 76 or 51 mm of water. We 
simulated these irrigation levels, also irrigations based on 
estimated evapotranspiration (ET) for irrigation levels 
that resulted in nitrate leaching in the simulation de- 
scribed above. ET for corn in this area is approximately 
610 mm with a total annual ET of approximately 635 to 
650 mm. However, we did not simulate 76 mm irrigations 
scheduled by ET on fine sandy loam and silt loam be- 
cause of the cost of using center pivots. 

Furrow irrigation was used on each of the three soils 
when simulations involved the application of 152 or 
102 mm of water. Sprinklers are necessary to apply 51 or 
76 mm of water on fine sandy loam and silt loam, and to 
apply 51 mm on silty clay (Allen 1990). The simulations 
assumed that water was distributed uniformly over the 
entire field, which will not occur under field conditions. 
Irrigation levels requiring sprinkler application involved 
a center pivot system, which can be used to irrigate corn. 
Irrigation started June 22 and ended by September 8. 

Irrigation water quality is high in the Bear River Canal 
system (James and Jurinak 1986), and its low salinity 
means that little drainage is required to maintain salt 
balance. 

Costs associated with tillage and other cultural and 
management practices were calculated using the crop 
budget generator, Cost and Returns Estimator (CARE), 
which was developed by the USDA Soil Conservation 
Service (SCS 1988). We used prices for new machinery 
and estimates of the life of machinery were provided by 
a local machinery dealer (Baugh 1990). The yearly 
planned use for each machine was 10% of its estimated 
useful life hours, which meant the farmer could replace 
the machinery complement every 10 years. CARE calcu- 
lates the machine cost of each field operation based on 
yearly planned machine hours, speed, width, estimated 
fuel consumption, fuel price, and field efficiency. Prices 
of other inputs were obtained from suppliers and farmers 
(BRVC 1990, IFA 1990, and UASS 1989) and were inte- 
grated into, field operations through CARE. The interest 
on operating capital was 12% annually and was charged 
from the start of the field operation until October 31. A 
land charge equal to the annual cash rental value for each 
soil type was included in the budget analysis. 


Results 


Soil attributes, especially soil texture, are important in 
determining the amount of water and nitrate that leach 
through the soil profile (Deer et al. 1989; Tindall et al. 
1989). Under the same weather and management, the 
simulations showed that most leaching occurred in fine 
sandy loam, followed by silt loam, and silty clay. Table 1 
shows that amount of water and nitrate that leached out 
of the soil profile with 30-year average precipitation and 
irrigation with 152 mm of water every two weeks. Results 
illustrate that leaching was related to the water-holding 
capacity of the soil. 

The effects of soil heterogeneity and preferential flows 
were beyond the scope of this study. We remind the read- 
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Table 1. Water and nitrate leached under 152 mm irrigation with 
30-year average precipitation, corinne, box elder county, Utah 


Solid Type Water held in 
soil profile at 
field capacity 


(mm) 


Nitrate leached 
out of soil 
profile in 
(kg/ha) 


Water leached 
out of soil 
profile in 
(mm) 


Fine sandy 300 393 
loam 


Silt loam 349 
Silty clay 10 


Table 2. Summary of economic and environmental results of 
weather and irrigation simulations on fine sandy loam, Box Elder 
County, Utah 


Weather 
condition 


Returns to Water Nitrate 
management leached leached 
($/ha) (mm) (kg/ha) 


152 mm every 655 393 79.0 
two weeks 

102 mm every 665 99 Bd 
two weeks 

76 mm every 58 0.5 
two weeks 

76 mm 77.4 
every weeks 

51mm 0.0 
every weeks 

152 mm by 6.0 
estimated ET 

102 mm by 25 
estimated ET 


Irrigation level 


30-year 
average 
precipitation 
(1951-1980) 


Wet year 152 mm every 

April 1982 two weeks 

to March 102 mm every 

1983 two weeks 

precipitation 76mm every 
two weeks 
76mm 
every weeks 
51 mm 
every weeks 
152 mm by 
estimated ET 
102 mm by 
estimated ET 
51 mm by 
estimated ET 


er that there are many factors that effect nitrate leaching. 
These include timing, placement, and source of nitrogen 
in the fertilizer versus the timing, amount, and uniformity 
of water applications. All of which effect the degree of 
preferential flow of water and nitrate. The results there- 
fore should be interpreted with care. Analysis of field 
experiment data may yield different results. 

The following discussion concerns only one soil and 
two weather scenarios, which was only part of the soils 
and water scenarios that were evaluated. We selected fine 
sandy loam because it is the soil most susceptible to leach- 
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ing. The 1985-86 weather simulations will not be dis- 
cussed because results were analogous to simulations 
with the 30-year average precipitation and the 1982-83 
high precipitation. 

To determine whether practices that are in the farmer’s 
self-interest are harmful to the environment, we exam- 
ined the economic incentives that a farmer has to reduce 
nitrate leaching out of the root zone. Table 2 summarizes 
the economic and environmental results, simulations in- 
volving 2 weather regimes, and the 15 irrigation sched- 
ules. 

152 mm irrigations every 2 weeks under 30-year aver- 
age precipitation served as the control or reference treat- 
ment because it was the least labor-intensive of the fur- 
row irrigations and was less capital-intensive than irriga- 
tion with center pivots. Changing from 152 mm irriga- 
tions to 102 mm irrigations every 2 weeks slightly in- 
creased returns to management. The amount of nitrate 
leached from the root zone was reduced to about 5% of 
the initial level. Thus, changing from 152 mm to 102 mm 
irrigations benefitted both the farmer and the environ- 
ment. 

When precipitation was high, the returns to manage- 
ment with 152 mm and 102 mm irrigation schedules were 
similar, so there was little economic incentive to change. 
Change did reduce nitrate leaching by about 40%, how- 
ever. Thus, if precipitation is expected to be near normal 
levels, farmers have an economic incentive to use 102 mm 
irrigations every 2 weeks. 

To reduce labor, a farmer might choose to apply more 
nitrogen fertilizer rather than apply 102 mm of irrigation 
water every 2 weeks. We simulated the consequences of 
applying an additional 45 kg/ha of nitrogen (the amount 
that could be purchased with estimated additional cost of 
labor associated with a change to 102 mm irrigations) 
applied as ammonium nitrate for 152 mm irrigations ev- 
ery 2 weeks with the 30-year average precipitation and 
the high precipitation. Under both precipitation regimes, 
returns to management decreased and the amount of ni- 
trate leached increased. 

These results must be considered with other goals. For 
example, a farmer may seek to maximize utility rather 
than profit. If so, the farmer could apply only enough 
152 mm irrigations to meet the ET needs of the crop 
(about 635 mm in Corinne), which is almost met by four 
152 mm irrigations (608 mm). We ran simulations using 
152 mm irrigations, which occurred after the first irriga- 
tion at intervals based on estimated ET. The simulation 
based on four irrigations and the 30-year average precip- 
itation decreased returns to management by about $ 25 
per hectare. Thus, the utility-maximizer would forego 
$ 25 per ha to eliminate two irrigations. This irrigation 
schedule decreased nitrate leaching by 92%. 

Maximizing utility (reducing irrigations) when precip- 
itation was high resulted in three 152 mm irrigations, 
which would reduce returns to management by about 
$ 52 per ha, and decrease nitrate leaching by 28%. 

There is no economic incentive for a farmer to use 
76 mm irrigations because the cost of the center pivot and 
of electricity means returns to management are less than 
152 or 102 mm irrigations using furrows. The returns to 
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management were also less than those for applying 
51 mm irrigations every week using center pivots. 

The marginal cost of reducing nitrate leaching can be 
calculated from the information shown in Table 2. The 
marginal cost of reducing nitrate leaching from 79 kg/ha 
to 3.7 ka/ha was about —$ 0.12 per kg/ha under an aver- 
age precipitation regime. Thus, both the farmer and the 
environment benefitted by reducing irrigation 152 to 
102 mm every 2 weeks, which could be achieved by short- 
ening set length and/or increasing the head. The marginal 
cost of reducing nitrate leaching from 79 kg/ha using 
152 mm irrigations every 2 weeks to 6 kg/ha by irrigating 
according to estimated ET was about $ 0.33 per kg/ha. 
However, the marginal cost of eliminating the last 3.7 kg/ 
ha of nitrate leached was over $ 34 per kg/ha because 
center pivots (a technological change) were required to 
keep the last 3.7 kg/ha from leaching. As indicated by the 
results, nitrate leaching can be substantially reduced sim- 
ply by better irrigation management, which involves little 
or no change in technology at relatively low cost. This 
analysis, however, assumed that farmers can operate 
close to maximum yields, which is less likely in field situ- 
ations considering variability in soils and nonuniform 
application of irrigation water. 

The analysis so far has assumed that irrigation water 
was uniformly distributed. The effects of nonuniform ir- 
rigation can also be simulated. For example, assume that 
30% of a field received 152 mm irrigations, 40% received 
102 mm irrigations, and 30% received 76 mm irrigations 
every 2 weeks. The average rate of application is 102 mm 
but the economic and environmental outcomes differ 
from results when water was uniformly applied. Net re- 
turns to management were $ 632 per ha compared with 
$ 665 per ha when 102 mm were applied uniformly. There 
was an even greater disparity on nitrate leaching — 
25.3 kg/ha with nonuniform irrigation vs. 3.7 kg/ha with 
uniform irrigation. 

Improving the uniformity of application (152 mm ap- 
plied to 20% of the acreage, 102 mm applied to 60%, and 
76 mm applied to 20% every 2 weeks) increased returns 
to management by $11 per ha and reduced nitrate 
leached by about 7 kg/ha. Thus, increasing the uniformi- 
ty of application improved both profitability and envi- 
ronmental quality, although the simulation did not ad- 
dress the problem of soil variability. Farmers have histor- 
ically over-irrigated to mask variability in the soil charac- 
teristics without considering economic cost or environ- 
mental impact. In the future, it may become necessary for 
farmers to accept more variability. 

Figure 1 illustrates the movement of nitrate through 
the soil profile with high precipitation when 102 mm of 
water were applied every 2 weeks. Two 102 mm irriga- 
tions were applied between June 19 and July 19, four 
102 mm irrigations were applied by August 18, and six 
102 mm irrigations were applied by October 7 (after har- 
vest). All of the nitrate in the soil profile was at least 
0.76 m below the soil surface by harvest time. Most of the 
nitrate that was in the soil profile on October 7 leached 
below 1.68 m by March 26. Thus, irrigation leached ni- 
trate down in the profile and winter precipitation further 
leached it from the root zone. Only if winter precipitation 
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Fig. 1. Nitrate position in soil profile on selected days for high 
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Table 3. Summary of economic and environmental results of 
weather and irrigation simulations on silt loam, Box Elder County, 


Utah 


Weather 
condition 


Returns to Water Nitrate 


management leached leached 
($/ha) (mm) (kg/ha) 


152 mm every 618 349 32.7 
two weeks 

102 mm every 605 59 0.0 
two weeks 

76 mm every 408 34 0.0 
two weeks 

76mm 364 
every weeks 

51mm 335 0.0 
every weeks 

152 mm by 0.0 
estimated ET 


Irrigation level 


30-year 
average 
precipitation 
(1951-1980) 


Wet year 152 mm every 82.8 
April 1982 — two weeks 
to March 102 mm every 
1983 two weeks 
precipitation 76 mm every 
two weeks 
76 mm 
every week 
51 mm 
every week 
152 mm by 
estimated ET 
102 mm by 
estimated ET 
51 mm by 
estimated ET 


was minimal would much residual nitrate remain on 
coarse soils. 

Silt loam. The profit-maximizing irrigation level on 
silt loam was 152 mm irrigation applied according to esti- 
mated ET (Table 3), which did not leach any nitrate from 
the root zone. This irrigation regime served the economic 
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Table 4. Summary of economic and environmental results of 
weather and irrigation simulations on silty clay, Box Elder County, 
Utah 


Weather 
condition 


Returns to Water Nitrate 
management leached leached 


($/ha) (mm) (kg/ha) 


152 mm every 488 6 0.0 
two weeks 

102 mm every 470 0.0 
two weeks 

76 mm every 323 0.0 
two weeks 

76 mm 641 4.8 
every week 

51 mm 278 0.0 
every week 

76 mm by 0.0 
estimated ET 


Irrigation level 


30-year 
average 
precipitation 
(1951-1980) 


We year 152 mm every 9.0 
April 1982 two weeks 
to March 102 mm every 0.0 
1983 two weeks 
precipitation 76mm every 0.0 
two weeks 
76mm 31.7 
every week 
51 mm 0.0 
every week 
76 mm by 0.0 
estimated ET 


interest of the farmer and protected environmental qual- 
ity. Late-season irrigations seem to be a prime reason 
why nitrate leached out of the root zone after the growing 
season, as is illustrated when irrigation was based on 
estimated ET and the last irrigation with 51 or 76 mm of 
water occurred after the last application of 152 mm of 
water. The nitrate leaching during the growing season 
was related to over-irrigation. 

Silty clay. The profits were maximized on silty clay 
with 76 mm irrigations scheduled according to estimated 
ET (Table 4). No leaching occurred under this regime, 
but did occur with weekly 76 mm irrigations. However, it 
must be noted that we did not assess potential problems 
from erosion or runoff due to low infiltration capacity on 
this type of soil. Soil cracking was also not considered. 


Conclusion 


The results of the analysis indicate the following: 


1. Soil characteristics affect the amount of water and 
nitrate that leach through the soil profile and are impor- 
tant in determining the proper irrigation management 
techniques. 

2. The profit-maximizing irrigation schedule was dif- 
ferent for each of the soils simulated. 

3. At the profit-maximizing level of irrigation, some 
nitrate was leached out of the root zone on the fine sandy 
loam soil. 
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4. Irrigation management can substantially limit ni- 
trate leaching on sandy soils. 

5. The profit-maximizing levels for the total water ap- 
plied were close to the estimated ET requirements, but 
the amount and timing of irrigation to maximize profits 
varied by soil type. 

6. Precipitation had little effect on the amount of irri- 
gation water applied at a time on the different soil types. 

7. On coarser soils, the profit-maximizing level of irri- 
gation leached residual nitrate down in the soil profile 
where it is more likely to be leached out of the root zone, 
either by precipitation during the nongrowing season or 
by excess irrigation the following year before it can be 
utilized by plants. 

8. The maintenance of high water quality was usually 
compatible with a farmer’s goals. However, too great a 
restriction in drainage would eventually increase soil 
salinity and reduce crop yields, thus, making continued 
production prohibitively expensive. 
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Abstract. Deciduous fruit trees are known to be salt sen- 
sitive but the degradation may be delayed for a number 
of years depending on salinity level and tree size. A field 
experiment was conducted in the San Joaquin Valley of 
California on mature plum trees. The objectives were to 
quantify salt tolerance with time and to document the 
development and impact of salt stress over a 6-year peri- 
od. After three years, the salt tolerance threshold, mea- 
sured as the electrical conductivity of saturated soil ex- 
tracts, for fruit yield was 2.6 dS/m. At salinity levels in 
excess of the threshold, yield was reduced at the rate of 
31% for each 1 dS/m increase in soil salinity. The contin- 
uation of this experiment for an additional three years 
did not alter the salt tolerance as measured by fruit yield. 
Attempts to revive trees that had been severely damaged 
by excess salinity were successful but recovery, depending 
on the severity of damage, requires several years. 


The salt content of soils and irrigation waters is expected 
to increase as the competition for fresh water intensifies, 
the expectation of enhanced irrigation efficiency grows, 
and the conservation of water resources continues (Dav- 
enport et al. 1983). In the San Joaquin Valley of Califor- 
nia, over 150 000 ha have been identified as being impact- 
ed adversely by salinity (Lewis 1984). Projections into the 
next century are that an additional 400000 ha in the 
Valley could be degraded by salinity. Of the wide variety 
of crops grown there, deciduous fruit species are consid- 
ered to be among the most sensitive to soluble salts (Maas 
and Hoffman 1977) and are reported to be especially sen- 
sitive to chloride (Bernstein 1980). Thus, the diverse and 
extensive plantings of various Prunus species in this re- 
gion are expected to be impacted as salinity increases. 
A field experiment was initiated in 1984 to assess the 
response of mature plum trees (Prunus salicina, cv Santa 
Rosa) to saline irrigation water (Hoffman et al. 1989). 
This study was the first occasion to document the adverse 
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impacts of different levels of salinity on the yield of a 
deciduous fruit species under orchard conditions. Previ- 
ous estimates of salt tolerance for deciduous fruit trees 
have been based upon the inhibition of vegetative growth 
of young trees (Maas and Hoffman 1977). 

Results from the first three years of this experiment 
indicated that significant reductions in fruit yield oc- 
curred during the second year when irrigated with saline 
water having an electrical conductivity (EC,) of 8 dS/m. 
In the second full season of the experiment, a substantial 
number of flower buds formed and opened prematurely 
and foliar damage and leaf abscission became severe 
when irrigated with waters having an EC; of 6 or 8 dS/m. 
During growth resumption at the start of the third sea- 
son, damage was so extensive that the salinity treatments 
of 6 and 8 dS/m were halted and the trees were irrigated 
with nonsaline water during the third and subsequent 
seasons in an attempt to effect tree recovery. 

The lower salt treatments (0, 1, 2, and 4 dS/m) did not 
suffer measureable yield loss in the first three years of the 
study (Hoffman et al. 1989). Nevertheless, there were 
indications that the intermediate salt treatments were be- 
ginning to damage the trees. Vegetative growth was re- 
duced and salt toxicity symptoms were evident on leaves 
in the EC, treatment of 4 dS/m by September of the first 
year. In the subsequent two years foliar damage became 
more severe for this treatment during late summer. 

After three years of saline irrigation treatments it 
seemed probable that trees receiving moderately saline 
levels would eventually suffer yield losses. Substantial 
yield reductions at 4 dS/m would be predicted for plum 
from earlier estimates of salt tolerance based upon vege- 
tative growth (Maas and Hoffman 1977). However, no 
time course was given for these estimates. In the first 
three years of the experiment, soil salinity, measured as 
the electrical conductivity of saturated soil extracts (EC,) 
reached about 4 dS/m for the 4 dS/m treatment. This val- 
ue is more than twice the threshold of 1.5 dS/m for plum 
given by Maas and Hoffman (1977). Bernstein (1980) 
suggested that salt damage would occur at an EC, at or 
greater than 2.5 dS/m for plum, an estimate derived from 
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trees on Marianna rootstocks. A less conservative esti- 
mate of threshold value for yield reduction was devel- 
oped from the first three years of this experiment (Hoff- 
man et al. 1989). Because of these discrepancies in salt 
tolerance, the experiment was continued to determine if 
additional exposure to moderate levels of saline irrigation 
water would reduce the salt tolerance of mature plum 
trees. 


Procedures 


The experimental design and procedures to establish the 
responses of Santa Rosa plum (Prunus salicina Lindl.) on 
Marianna 2624 rootstock (P. cerasifera Ehrh. x P. mun- 
soniana Wight & Hedr.) to saline irrigation water for the 
first three years of treatment were continued. The reader 
is referred to Hoffman et al. (1989) for details of the 
procedure. The study, located at the Kearney Agricultur- 
al Center in southeastern Fresno County, California, ini- 
tially consisted of six treatments replicated five times in 
plots of ten trees each. The two highest saline irrigation 
treatments, 6 and 8 dS/m, were discontinued and irrigat- 
ed with nonsaline water (0.4 dS/m) at the start of the 
third irrigation season and thereafter. Results reported 
here, are for the four lower salinity levels having average 
EC,’s of 0.4, 1.1, 2.2, and 4.2 dS/m. For simplicity, these 
treatments are referred to as 0, 1, 2, and 4.dS/m. Saline 
water was generated by adding equivalent amounts of 
NaCl and CaCl, to the nonsaline (control) water to reach 
the desired EC,’s. The lowest EC, is the normal irrigation 
water for the Center. 

Irrigation water was applied several times each week 
through mini-sprinklers at the rate of 2 mm/h. Metered 
amounts were supplied to each replicate in excess of evap- 
otranspiration (ET) to achieve a leaching fraction of 
about 0.2 to 0.3. The irrigation season began in March or 
April, depending on rainfall, and ended in October. Sam- 
ples of soil water extracted through suction cups and soil 
samples taken periodically during the season were used to 
determine soil salinity. Electrical conductivities measured 
on soil water removed by the suction cups were converted 
to the electrical conductivity of soil saturated extracts 
(EC,) by the equation EC,=0.3+0.6 EC,,, (Hoffman et 
al. 1989). 

Fruit yields were determined for each individual tree 
according to commercial standards. Each year trees were 
topped mechanically at a height of 4m in August and 
pruning was done manually during winter dormancy. 
Shoots cut off during tree topping and pruned branches 
were weighed as a measure of vegetative growth. The 
extent of visual leaf damage was estimated in mid-April 
and again in mid-September each year for all replicates 
using a percentage rating scale (Horsfall and Barratt 
1945; James 1974). Twenty leaves per tree were removed 
at various times during the year from two trees in each 
replicate for analysis. Leaf samples were dried, ground, 
extracted with 2% acetic acid, and analyzed for chloride 
by coulometric titration and for sodium by flame pho- 
tometry. 


Results and discussion 


Water balance 


The average daily amounts of water applied [irrigation (I) 
and rainfall (R)] each month from January 1987 to June 
1989 are summarized in Fig. 1 in units of depth of water 
applied uniformly over the entire plot surface. Winter 
rainfall depths (November through March) were 368 for 
1986-87, 210 for 1987-88, and 200 mm for 1988-89. 
Rainfall during the irrigation season (April through Oc- 
tober) averaged only 22 mm. Mean irrigation amounts 
applied to the three lowest salt treatments (0, 1, and 
2 dS/m) were 1224 mm in 1987, 1438 mm in 1988, and 576 
mm for the first half of 1989. Control water was applied 
to the 4dS/m plots starting in April 1988 because of 
severe foliar damage. The low irrigation amount in 1989 
was due to termination of the experiment immediately 
following harvest in June 1989. 

Average values of daily evapotranspiration (ET) for 
nonstressed trees are also illustrated in Fig. 1. ET was 
calculated as the product of the crop coefficient (Muir 
1986) and the potential ET. Potential ET was calculated 
from the modified Penman equation (Phene et al. 1985). 
ET values for nonsaline conditions were 1016 mm for 
1987, 1055 mm in 1988, and 474mm until harvest in 
1989; leaching fractions averaged 0.20, 0.36, and 0.22 for 
the three lowest salt treatments for the same time periods. 


Soil salinity 


Soil salinity distributions determined through a depth of 
1.3 m in March of 1987, 1988, and 1989, and also in June 
1987 and 1988, are presented in Fig. 2. Salinity in the 
4 dS/m treatment did not increase in 1988 because nonsa- 
line water was applied beginning in April 1988. The im- 
pact of winter rain on leaching salts from the rootzone in 
the saline treatments was discussed by Hoffman et al. 
(1989). Because of lower winter rainfall in the last two 
years of the experiment leaching was not as effective as 
reported earlier. 


EC; _ Irrigation 
| [dS/m] plus rain 


Mean daily rate [mm/day] 


Nonstressed evapotranspiration 


J A Ss 
Time [month] 
Fig. 1. Mean daily water applications (irrigation plus rainfall) for 
treatments receiving water having electrical conductivities of 0, 2 
and 4 dS/m from January 1987 through June 1989. Also given are 
mean evapotranspiration rates for nonstressed plum trees 
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Electrical conductivity of saturated soil extract (EC,) [dS/m] 
Fig. 2. Soil salinity profiles during 1987, 1988 and 1989 prior to the 
irrigation season (March) and for mid-season (June) for irrigation 
water having electrical conductivities of 0, 2, and 4dS/m. During 


April 1988 and thereafter, nonsaline water was applied to the 
4 dS/m treatment 


Tree response 


Fruit production. Total yield (kg per tree) for the 4 dS/m 
treatment was reduced below the control treatment for 
the first time, to 17% of the control, in the fourth year 
(1987) of the experiment (Table 1). Substantial toxicity to 
flowers in 1987 resulted in few fruit which were also 
smaller than fruit from the lower salt treatments 
(Table 1). Because of this small yield and the significant 
foliar damage in 1987 (Fig. 3), nonsaline irrigation water 
was applied to the 4dS/m treatment beginning in the 
spring of 1988. The yield from the 4 dS/m treatment 
increased slightly in 1988 due to a greater number of fruit, 
although fruit size remained small. Less flower toxicity 
was observed than in the previous year. In 1989, the 
second year after nonsaline water was applied, yield was 
about half (62 versus 120 kg/tree) that of the control 
treatment. Essentially no flower damage was observed in 
1989. Trees receiving 4 dS/m irrigation water reached 
about the same level of tree response to salinity after four 
years as did the 6 dS/m treatments after three and the 
8 dS/m treatment after two. 

Fruit yield from trees at 2dS/m was less than at 
1 dS/m in 1987 and 1988 but was not significantly lower 
than the control (Table 1). These differences are caused 
by differences in the number of fruit harvested and fruit 
size. There were no differences in yield among the 0, 1, 
and 2 dS/m treatments in 1989, the sixth year of treat- 
ment. All the fruit were smaller in 1989 because of a large 
fruit set. 


+ September 


Percent of feliage visually damaged 


0 1 2 4 
Salinity of the irrigation water [dS/m] 


Fig. 3. Influence of the salinity of the irrigation water on visual 
foliar damage of “Santa Rosa” plum in the spring and autumn. 
Nonsaline water was applied to the 4 dS/m treatment in 1988 and 
1989 


The yield of the 2 dS/m treatment was comparable or 
larger than the control treatment in four of the six years 
of the experiment; the yield was significantly larger in 
1986 but smaller in 1988. These responses appear to be 
caused by a significantly larger number of fruit harvested 
in 1986 and smaller fruit size in 1988. 


Vegetative growth. The weight of shoots removed annual- 
ly during mechanical topping decreased significantly with 
increasing salinity in all six years of the experiment. Veg- 
etative growth at 4 dS/m during 1987 was less than one- 
third the growth of the trees in the nonsaline treatment. 
With the conversion of 4 dS/m trees to nonsaline water in 
1988, yield and the number of flowers in 1988 and 1989 
increased but shoot growth did not increase appreciably. 

Vegetative growth appeared to be a more sensitive or 
an earlier indicator of salinity than fruit yield (Hoffman 
et al. 1989). Results for the fourth to sixth years confirm 
this finding. At the lower salt levels, shoot growth was 
reduced significantly without yield loss. Effects of salinity 
on vegetative growth have only an indirect effect on re- 
duced yield, at least for cultivars such as Santa Rosa plum 
where the fruit is borne primarily on the spur branches. 
Major yield reductions occurred after toxicity to flowers 
occurred. Reduced shoot growth appears to be an early 
indication that conditions are developing with the tree 
which would later result in yield reductions. Shoot 
growth was reduced 50% or more the second year in the 
6 and 8 dS/m treatments with reduced yield occurring the 
following year (Hoffman et al. 1989). 
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Table 1. Long-term response of yield, fruit number, and fruit size of “Santa Rosa” plums to salinity. Saline treatments were initiated in the 


spring of 1984 


Year Salinity treatment (dS/m) 


LSD 


0 1 2 


Yield (fresh weight of fruit, kg/tree) 


32.3a* 31.6a 
75.0a 82.0a 
76.4a 76.4a 
27.2b 35.5b 
126.3ab 145.7a 
115.9b 148.0a 
119.8a 140.9a 


35.6a 
84.3a 
87.2a 
45.5a 
115.1b 
102.4b 
139.5a 


Fruit number (number of fruit harvested per tree) 


510a 460a 530a 
1380a 1560a 1570a 
1110ab 1140ab 1320a 

420b 560b 740a 
1680a 2350a 1650a 
1630a 2100a 1680a 
2480b 3420a 4190a 


Fruit weight (mean fruit mass, g) 


63a 69a 67a 
54a 53a 54a 
69a 67a 66a 
65a 63a 6la 
63a 62a 60a 
62a 58a 49b 
48a 41b 34c 


Tree top growth (dry weight of shoots, kg/tree) 


1 Sa 
14a 14a 
20a 19ab 
16a 14b 


12ab 
16be 
14b 
17a 14b 10c 
14a 11b 6c 
21a 17b 6c 


Mean separation within rows by Duncan’s Multiple Range Test at 5% level 
Nonsaline irrigation water applied to treatments below and to the right of the dark line 


*** Measurement not made 
**** LSD is the least significant difference at the 5% level 


Foliar damage. Symptoms of foliar damage were either 
absent or minor in April each year but worsened as the 
season progressed. In all six years, foliar damage was 
slight in spring on trees in the 0 and 1 dS/m salinity 
treatments with a slight increase in the fall (Fig. 3). Leaf 
symptoms were few on the 2 dS/m treatments in April but 
by September during the last 3 years of the experiment 
about 20% of the foliage was visually damaged. Foliar 
damage at 2 dS/m was nearly the same in 1987 through 
1989 suggesting that causal influences were being main- 
tained at about constant levels. 

Trees in the 4dS/m treatment expressed substantial 
foliar damage in September of both the second and third 
treatment years (Hoffman et al. 1989). By the spring of 
the fourth year, 1987, toxicities became evident during 
blossoming and early resumption of vegetative growth 
with 50% of the leaves visually damaged. By September, 


nearly the entire tree canopy was visually damaged 
(Fig. 3). Winter rainfall normally reduced soil salinity to 
that for the control treatment to a depth of approximate- 
ly one meter. Leaching during the winter of 1987-88, 
however, was less effective and soil EC, was about 2 dS/ 
m to a depth of about one meter. Thus, toxicity symp- 
toms occurred in the 4 dS/m treatment in the spring of 
1988 even though there was little transpirational demand 
at anthesis and saline irrigations had not begun. Earlier 
results (Hoffman et al. 1989) and those for 1987 strongly 
suggest that damage had been caused by mobilization of 
chloride and/or sodium from within the tree to the foliage 
and flowers. 

Trees at 4dS/m had about the same level of foliar 
damage in the fifth year (1988) as in 1987 but less flower 
toxicity was observed. In September of 1988, after using 
nonsaline water, leaf damage was reduced only slightly 


4 6 8 
2 1983 36.2a 31.6a 34.4a NS. 
1984 79.1a 75.44 81.7a N.S. 
1985 81.9a 72.3a 39.1b 22.6 
Sy 1986 31.8b 8.4c 1.3c 9.8 
1987 20.9c 79.4** 25.3 
og 1988 44.3 62.8 - 31.1 
Ae 1989 62.3 103.5 - 31.3 
1983 540a 470a 530a N.S. 
ak 1984 1490a 1460a 1640a NS. 
Rae! 1985 1310a 1270a 760b 378 
Bake 1986 520b 160c 20c 147 
1987 450b 1400 666 
ean 1988 600 1260 - 975 
ae 1989 1880 2430 - 922 
ee, 1983 67a 67a 65a NS. 
a 1984 53a 52a 50a N.S. 
1985 62b 51d 3.2 
a 1986 61a 50b 43c 4.2 
a 1987 46b 63 - 10.0 
ee 1988 45 51 - 3.7 
rea 1989 34 43 - 4.8 
1984 11b 11b 12ab 2.4 
cas 1985 14c 10d Se 3.6 
rae 1986 8c 3d le 1.4 
1987 5d - - 1.4 
3 1988 2d ~ - 1.3 
1989 3d 2.2 
* 
< 


compared to 1987. Salts which had accumulated earlier 
within these trees were apparently still sufficient to be 
damaging to the foliage. In 1989, damage to the canopy 
was visible in April but increased only slightly during the 
season. This result implies that after one year of applying 
nonsaline irrigation water, flower toxicity and foliar 
damage had been ameliorated substantially. This was re- 
flected in a two-fold increase in yield compared to the 
previous year (Table 1). However, fruit size and fruit 
number were only about half that of the control. Because 
essentially no flower toxicity was observed in 1989, the 
low yield was caused, at least in part, because individual 
branches or scaffold limbs had been killed. Nevertheless, 
it is apparent that the potential for recovery exists for 
trees damaged extensively by salinity if nonsaline water is 
applied. 


Ton concentrations 


The relationships between chloride and sodium concen- 
trations in leaves and foliar damage symptoms have been 
reported from results of the first three years of the exper- 
iment (Hoffman et al. 1989). The progression of chloride 
and sodium accumulation over time and with level of salt 
treatment has not been presented. The concentrations of 
chloride and sodium in leaves of trees irrigated with water 
at four levels of salinity from 1986 to 1989 are given in 
Table 2 as means of samples obtained in late September 
and October each year. As would be expected, chloride 
concentrations in leaves increased with increasing salinity 
of the irrigation water. High levels of chloride were found 
for treatments of 2 dS/m and higher. Failure of sodium to 
enter leaves until substantial levels of chloride had been 
accumulated was noted previously (Hoffman et al. 1989). 
Sodium accumulation in leaves was always substantially 
less than that for chloride. Marianna rootstock has been 
shown to restrict sodium accumulation in scions (Bern- 
stein et al. 1956). For plum leaves the thresholds for pos- 
sible reduced vegetative growth and leaf toxicity has been 
estimated to be 0.3 and 0.2% dry weight for chloride and 
sodium, respectively (Beutel et al. 1978). Leaf chloride 
approached this threshold with the 1 dS/m treatment and 
was substantially in excess of these threshold values at 
higher treatment levels. Sodium accumulation did not 
exceed the reported thresholds for excess. 

Data from 1986 are included in Table 2 to indicate leaf 
ion status prior to the period of the present report. The 
chloride concentration of the 4 dS/m treatment reached a 
maximum of about 2% of dry weight in the third year 
(1986), and was unchanged in 1987. A constant level ap- 
peared to have been attained following an increase from 
1.6% in 1985. The 1986 accumulations were associated 
with foliar damage in the autumn of that year, and exten- 
sive foliar and flower toxicities in early 1987 as well as a 
substantial yield reduction. Chloride in leaves of trees in 
the 1 and 2 dS/m treatments appeared to have reached 
equilibrium or maximum levels by 1987. These equilibria 
levels were in proportion to the concentration of salt in 
the irrigation water. Leaf chloride of 4 dS/m trees de- 
creased dramatically after the first and second years of 
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Table 2. Mean concentrations of chloride and sodium in leaves 
(percent by dry weight) of “Santa Rosa”’ plum in late September or 
October after three to six years of irrigation with four levels of saline 
water 


Salinity of 1986 1987 1988 1989 
irrigation 
waterdS/m Cl Na _ Cl cl Na ch Nea 


0.07 0.01 
0.19 0.01 
0.58 0.03 
2.05 0.20 


0.04 0.02 0.04 0.01 
0.26 0.02 0.28 0.04 
1.11 0.14 0.82 0.22 
0.90* 0.10* 0.50* 0.12* 


* Nonsaline water used 


nonsaline irrigation. Chloride in leaves during 1988 and 
1989 would have come from accumulation within the tree 
in prior years. Discontinuing the supply of chloride re- 
duced the amounts previously accumulated, apparently 
by removal of fruit, prunings, and leaves. 

The pattern of sodium accumulation over time ap- 
peared to be somewhat different than that for chloride. 
Sodium gradually became higher in proportion to that of 
chloride. In 1985, the ratio of chloride to sodium in the 
2 dS/m treatment was about the same as the control. 
With the same treatment in 1986, the ratio increased 
three-fold with only a slight increase in chloride (0.52% to 
0.58%). Further increases in the ratio occurred from 1987 
through 1989. The same trend appeared at the 1 dS/m 
treatment in 1988 and 1989. Although sodium concentra- 
tion was reduced after the trees in the 4 dS/m treatment 
were converted to nonsaline water, it was unchanged in 
1989 whereas chloride decreased. The difference in behav- 
ior between sodium and chloride may be caused by its 
slower release from storage pools within the tree. 

It was hypothesized that irrigation with lower salt con- 
centrations would ultimately lead to responses similar to 
those obtained with shorter periods of time at 6 and 8 dS/ 
m. With less saline water, a longer time period would be 
required to incur damage. This appears to have happened 
with the 4 dS/m treatment. For the 1 and 2 dS/m treat- 
ments, salinity did not continue to increase and the dam- 
age to trees that occurred with the 4dS/m and higher 
treatments did not occur. Fruit size was reduced at 1 and 
2 dS/m in 1988 and 1989 and some leaf toxicity symptoms 
were present at 2 dS/m in the fourth year and thereafter. 
Although vegetative growth was inhibited at the lower 
salinity levels such an effect was not reflected in yield 
reduction. As noted above, this may have been in part due 
to the nature of the fruiting habit of plum. Apparently, at 
1 and 2 dS/m, supplies of salts from the irrigation water 
were balanced by losses in leaf abscission, cropping, and 
pruning. 


Salt tolerance 


A salt tolerance curve was developed using time integrat- 
ed values of soil salinity (Hoffman et al., 1989). Integrated 
values for the three years prior to each harvest but exclud- 
ing soil salinity values when the trees were dormant 
(November to March) are given in Table 3. This time 


= 
0 0.07 0.01 
1 0.29 0.01 
1.37 0.14 
4 2.01 0.22 


176 


Table 3. Time and depth integrated soil salinity values (EC, , dS/m) 
for a soil profile 1.2 m deep, excluding dormant winter periods 


EC,(dS/m) dS/m 


June 1985- 
June 1987 


June 1986- 
June 1988 


June 1987- 
June 1989 


0.9 0.9 1.0 
2.1 2.6 
2.5 3.2 4.1 
3.6 3.8 4.6 


Table 4. Coefficients of threshold and slope for the salt tolerance 
equation for mature “Santa Rosa’ plum trees for the first and 
second 3 year time frames 


Relative harvest index Threshold (dS/m) Slope (% per dS/m) 


1984-86 1987-89 1984-86 1987-89 


Yield 2.6 5 31 30 
Number of fruit 2.9 rs! 34 12 
Fruit size 7 1.8 7.6 11 


frame accounted for salinity influences on bud formation 
and shoot growth in the years prior to harvest. 
Information on the salt tolerance of mature plum trees 
obtained from the results of the first three and the last 
three years of this six year field trial is given in Table 4. 
The salt tolerance of mature plum trees was calculated by 
using a non-linear, least-squares regression technique of 


van Genuchten and Hoffman (1984). They found the salt 
tolerance equation for relative fruit yield (Y,) for the first 
three years to be Y,=100-31 (EC,—2.6). This study 
found the salt tolerance equation for years 4 to 6 to be 
Y, = 100-30 (EC, — 2.5). These two equations are not sig- 
nificantly different. The relationships for the number of 


fruit harvested and fruit size as a function of soil salinity 
(Table 4) are similar for the threshold but the slopes are 
somewhat different. Thus, results indicate that the previ- 
ously published threshold values did not change signifi- 
cantly with three additional years of treatment and the 
crop salt tolerance measured by fruit yield, did not 
change. 
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Abstract. The capability of mature cotton plants (Gos- 
sypium hirsutum L.) to adjust to progressive drying of 
their root zone by promoting root growth to adjacent 
wetted zones, and the implications of this process on 
irrigation design were investigated. Field grown plants 
that developed shallow root systems in response to a drip 
irrigation management of daily, surface soil wettings 
were exposed 85 days after emergence (DAE), while in 
the flowering stage, to a sudden change in water distribu- 
tion in the form of deep soil wetting (DSW) followed by 
termination of irrigation. The shallow rooted plants 
(SRP) failed to respond to further surface soil wetting 
and the progressive drying of the profile by rapid root 
growth to the deeper-wetted zones; consequently, the 
SRP suffered from water deficiency for at least two 
weeks, evidenced by a gradual decrease in their leaf water 
potential (Ly). Potted plants responded similarly. Daily 
irrigations of the pot surface with water amounts similar 
to those lost by evapotranspiration led to the develop- 
ment of a system in which most of the roots and available 
water became concentrated at the pot’s upper section. A 
transition to irrigation from the bottom of the pot led to 
a reversed soil-water content gradient and failed to pro- 
mote rapid root spreading to the deeper-wetted layers, in 
spite of the accelerated drying of the upper zone. The 
slow deepening of the root system was accompanied by 
water-stress symptoms as indicated by a considerable re- 
duction in dry matter production. The root shoot ratio in 
these plants was not much greater than in non-stressed 
plants in which the surface wetting was continued. This 
indicated that preferential root growth relative to the 
shoot did not occur in response to the progressive drying 
of the shallow root zone. Rewetting of the root zone after 
a long period of soil water deficiency failed to promote 
rapid recovery of the root system in the form of root 
regrowth in this zone. It was concluded that the capabil- 
ity of mature cotton plant roots to adjust their growth to 
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large changes in water distribution in the soil, is slow and 
that this should be taken into account when determining 
an irrigation regime in which the depth at which water is 
applied is changed during the growing season. 


Introduction 


The ability of plants to avoid water stress following a 
gradual process of root zone drying by rapid root growth 
into adjacent or deeper wetted zones is a trait of consider- 
able ecological and agricultural importance. Such root 
behavior is controlled by integrated effects of many phys- 
iological, genetic, and environmental factors. An irrigated 
crop may be exposed to transient or ongoing soil drying 
processes either as a consequence of long intervals be- 
tween subsequent irrigations, or as a result of insufficient 
water supply. Taylor and Klepper (1974) reported that 
young cotton plants developed much deeper root systems 
under conditions of gradual drying of a deep-wetted soil 
profile compared with conditions of frequent superficial 
soil wettings. Longer intervals between irrigations, led to 
temporary but deep soil drying, promoting deep root 
growth (Klepper et al. 1973). Such responses also charac- 
terize crops such as corn (Mayaki et al. 1976; Robertson 
et al. 1980; Newell and Wilhelm 1987), soybean (Mayaki 
etal. 1976; Mason etal. 1982), and sorghum (Mayaki 
et al. 1976; Burch et al. 1978). A transition from a man- 
agement regime consisting of frequent irrigations with 
limited amounts of water to one involving fewer irriga- 
tions but using greater quantities of water could dramat- 
ically alter the soil water profile, especially under condi- 
tions in which a limited amount of irrigation equipment 
must supply increasing amounts of water throughout the 
growth period. A knowledge of the potential of systems to 
respond to changes in soil water distribution is therefore 
important and should be taken into consideration when 
making decisions on irrigation strategy; otherwise, plants 
might face water deficiency in the root zone irrespective of 
water availability in adjacent wetted zones. 
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An unconventional concept of cotton irrigation that 
proposed frequent shallow soil wettings by drip irrigation 
aimed at establishing a shallow root system around the 
drippers, was suggested by Carmi and Plaut (1982, 1988). 
Such a system enabled the efficient control of root zone 
moisture, and effective control of plant growth, produc- 
tivity, and harvest timing. A serious risk of such a system 
is the limited reservoir of available water in the small root 
zone. Any unexpected delay in irrigation or a transition to 
deep soil wetting management from frequent shallow soil 
wetting could rapidly reduce the soil moisture content in 
the surface soil and restricted root system, thereby impos- 
ing water stress. The adjustment potential of shallow and 
compact root systems to changes in soil water distribu- 
tion, as pertaining to root growth into new soil zones, and 
its implications for irrigation management is the focus of 
the present study. 


Materials and methods 
Field experiment 


Cotton (Gossypium hirsutum L. “Acala SJ-2”) was planted on May 
20th at Kibbutz Bror-Hail in southern Israel, following a winter 
crop of wheat. The soil was typical Xerofluvent (~ 30% clay) with 
a bulk density of 1.32 g/cm? in the 0-30 cm horizon and 1.45 g/cm? 
to a depth of 90cm. The available soil moisture (including rain- 
water), had been extracted by the wheat without a subsequent sat- 
uration irrigation. Three irrigations by overhead sprinklers (50, 30 
and 40 mm, respectively), were applied during soil tillage, germina- 
tion, and seedling establishment. The plant stand was 100 000 per ha 
grown in rows spaced 100 cm apart. Each treatment consisted of 
four replicates (10 x 20 plants each), laid out in a split-plot design. 
The drip irrigation network consisted of 12 mm lines centered be- 
tween plant rows 200 cm apart. The drippers (discharge 1.4 1/h) 
were spaced at 40 cm intervals along the lines. Daily drip irrigations 
started 14 days after emergence (DAE) and lasted the entire growth 
season. The seasonal supply of water was 492 mm. Nutrients were 
supplied daily with the irrigation. Irrigation during the first 40 DAE 
was given once daily and during the remainder of the growth period 
was divided into two equal portions, one in the morning and one in 
the afternoon, with an 8 h interval separating the two. The summer 
in Israel lacks rainfall and irrigation was the only water source for 
the crop. Irrigation was designed to keep the mid day leaf water 
potential (Ly,) of the plants in the range of —1.4 to —1.6 MPa. 
Weekly measurements of Li), were carried out and amounts of 
water supplied were regulated accordingly. Plants for Ly, measure- 
ments were chosen randomly in each treatment. The third leaf from 
the plant’s main apex, fully exposed to radiation, was chosen. The 
leaf was cut, and its blade enclosed in a polyethelene bag and 
immediately measured using a pressure chamber. Soil moisture con- 
tents to depths of 90 cm were measured using a neutron probe. Four 
measurement sites were chosen randomly n each treatment at differ- 
ent plots. Each access tube was located 10 cm from a dripper. Study 
of root distribution in the soil was carried out by isolation, separa- 
tion, and weighing from subsequent samples of soil cylinders (10 cm 
diam) taken down to a 90 cm depth, 10 cm from a dripper. 

The plant response to changes in the soil wetting profile were 
studied on mature plants at the phenological stage of intensive boll 
growth. At 85 DAE deep soil wetting (DSW) below the 100 cm 
depth was established in several plots by continuous addition of 
100 mm through the irrigation system. These plots were divided into 
two treatments: a) continuation of the routine daily irrigation man- 
agement (hereafter referred to as post-DSW continued irrigation); 
and b) interruption of irrigation (hereafter referred to as post-DSW 
terminated irrigation). Other plots, that had not been deeply- 


wetted, continued to be irrigated daily with the same water amounts 
as in treatment (a) (hereafter referred to as non-DSW continued 
irrigation). The experiment was carried out in mid August: the 
period in which the 85 day old plants reached maximal irrigation 
requirement. Measurements of changes in soil moisture content in 
the profile, of Ly, and of root distribution in the soil were carried 
out during the 3 week period following 85 DAE. 


Greenhouse experiments 


Experiment 1. Plants were grown in a glass greenhouse under natu- 
ral radiation with temperatures ranging from 20—25°C. Seeds were 
sown in plastic pots (10 cm diam and 25 cm height) filled with loess 
soil taken from Kibbutz Bror-Hail and whose characteristics were 
described previously (Carmi et al. 1992). The soil in the pots was 
irrigated before sowing to a moisture content of 25% (on a weight 
basis). The “pot capacity” and wilting point of the specific soil were 
28% and 11%, respectively. After emergence, the plants were irri- 
gated daily from above. The pot surface was covered with plastic 
discs to minimize evaporation. Daily weighing of the potted plants 
was performed and the difference in weight between subsequent 
days gave the transpiration amount per plant. Each day’s transpira- 
tion loss was replaced daily, thereby avoiding water drainage. The 
daily changes in the plants’ fresh weight were much smaller than 
their transpiration losses and were therefore ignored. A full supply 
of nutrients was supplied daily through the irrigation water at con- 
stant concentration (Carmi 1985). Seventy days after emergence, the 
original pot was attached at its base to the top of a new pot, 
identical in size and content. Soil continuity was created between 
the two pots by removing the bottom of the pot. The entire soil 
content of the combined pot was saturated to excess by dilute 
nutrient solution. The pots were then divided into two treatments: 
1) continuation of daily irrigation from the top, (hereafter referred 
to as continued irrigation from the top of the combined pot), and 
2) supply of water through a tube, that discharged the water in the 
lower pot at 5 cm above its base (hereafter referred to as continued 
irrigation from the bottom of the combined pot). At five day inter- 
vals, five plants from each treatment were sampled, and dry weight 
of the various organs was measured. Increments of 12.5 cm were 
taken from the whole pot volume. In part of the sample, water 
content was measured, while in the remainder, roots were isolated 
and cleaned by careful soil washing. The freshly-washed roots were 
immersed in 1% methylene-blue (in water) for 15 min, exposed to 
air to allow evaporation of external water. The roots were then 
carefully spread over transparent plastic sheets and photocopied 
onto paper. The photocopies were used for root length determina- 
tion in an area meter (Burwell, Cambridge, England). 


Experiment 2. Plants were grown in pots 10 cm in diam and 60 cm 
in height and fertigated as described previously. Sixty five DAE 
plants were divided into two groups that were treated as follows: 1) 
continuation of irrigation from the top (hereafter referred to as 
continued top irrigation), and 2) transition to water supply 5 cm 
above the bare, as in exp. 1. Eighteen days later, irrigation of this 
group was stopped for two days, resulting in leaf wilting. The plants 
were then subdivided into two groups and treated further as follows: 
2a) the pot soil was wetted to field capacity and daily irrigation was 
resumed from the top, hereafter referred to as post PSW (pot soil 
wetting) resumed top irrigation); 2b) irrigation was resumed from 
the top without wetting the pot soil (hereafter referred to as non 
PSW resumed top irrigation). In the three above mentioned treat- 
ments, the daily water supply was calculated to fully replace the 
water evapotranspired as measured each day. 

At five day intervals, starting at the day of resumed top irriga- 
tion (i.e., 85 DAE), five plants of each treatment were sampled and 
analyzed as described in exp. 1. 
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Results 
Field experiment 


A. Water distribution. Water distribution in the soil dur- 
ing 21 days following the DSW at 85 DAE is presented in 
Table 1. In the treatment of non DSW continued irriga- 
tion, most of the available water accumulated in the 0-— 
30 cm depth, with a sudden decrease observed in the low- 
er layers. The soil wetting profile in this treatment 
changed little from 85-106 DAE. In the treatment of 
post DSW terminated irrigation, the major soil drying 
occurred initially at the 0-30cm depth, thereafter 
spreading progressively to the 30-60 cm depth. In the 
treatment of post DSW continued irrigation, decrease in 
water content was detected at the 0—30 cm depth, but no 
significant drying was observed of the deeper layers. 


B. Root distribution. Measurements of root distribution 
in the soil are presented in Table 1. Only thin roots (less 
than 1 mm diam) were examined. The root density in the 
treatment of post DSW terminated irrigation declined 
considerably during the 3 week period following irriga- 
tion interruption, from 143 g root dry wt/l soil at the 
0-30 cm depth to 55 g/l soil 21 days later. No major root 
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penetration to the wetted layers below the 30 cm depth 
was detected during that period (Table 1). In the treat- 
ment of post DSW continued irrigation, considerable 
root growth occurred mainly at the 0-30cm depth 
(Table 1). In the treatment of non DSW continued irriga- 
tion, no significant change in root density was detected at 
any specific soil layer, and the major fraction of roots was 
concentrated at the 0—30 cm depth. 


C. Changes in Liy,. Measurements of Ly, carried out 
during the three weeks following DSW and the termina- 
tion of further irrigation are presented in Table 2. During 
the first 6 d, the Li, in the treatment of post DSW con- 
tinued irrigation, dropped from —1.5 to —1.8 MPa. No 
further decrease in Lip, was detected later, in spite of the 
continuation of soil drying in the upper layers during that 
period as was shown in Table 1. In the post DSW treat- 
ment continued irrigation the wetted soil profile led to a 
moderate increase in Li,, as compared with the treat- 
ment of non DSW continued irrigation. 


Greenhouse experiments 


A. Experiment 1. The ability of potted plants to continue 
root growth despite progressive root zone drying and to 


Table 1. Effects of deep soil wetting (DSW), carried out at 85 DAE and followed by continued irrigation or its termination, on root and 
moisture distributions in the soil. Means with different letters differ significantly at P=0.05 


Treatment 
(Field exp) 


Soil layer 
depth 
(cm) 


Soil water content (%) at DAE 


Fine root* density 
(mg dry matter/1000 ml 
soil) at DAE 


85° 106 


1. Non DSW continued irrigation 


2. Post DSW continued irrigation 


3. Post DSW terminated irrigation 


133° 
<5 


<5 


<5 


2 Roots of less than 1mm diam 
> At 85 DAE the values were common to treatments 2 and 3 
© At 85 DAE the values were common to all three treatments 


Table 2. Effects of deep soil wetting (DSW) carried out at 85 DAE and followed by continued irrigation or its termination, on leaf water 


potential at mid day (+SD) 


Treatment 
(Field exp.) 


Leaf water potential (— MPa) at DAE 


85° 87 


89 91 93 99 


1. Non DSW continued irrigation 1.5+0.02 
1.5+0.03 


1.5+0.02 


2. Post DSW continued irrigation 
3. Post DSW terminated irrigation 


1.5+0.01 
1.4+0.01 
1.6+0.02 


1.4+0.03 
1.3+0.06 
1.6+0.05 


1.6+0.04 
1.4+0.03 
1.8+0.03 


1.7+0.03 
1.5+0.02 
1.8+0.03 


1.6+0.05 
1.5+0.04 
1.94+0.04 


2 At 85 DAE, the values were common to all three treatments 


= 
85° 89 93 97 106 
60-90 15 85° 
0-30 26.5 25.0 235 225 22.0 143? 25° 
30-60 17.5 160 15.5 150 15.5 a 30° 
60-90 172 160 160 160 16.0 <5 
0-30 65 15 130 95 143° 558 
30-60 17.5 155 130 105 9.5 | <5 
60-90 17.2 17.0 155 145 13.0 e 
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Table 3. Effects of adding a lower wetted section to the bottom of potted cotton plants at 70 DAE with or without change from top to lower 
irrigation, on water distribution and root growth throughout the combined pot 


Greenhouse treatments Layer depth 
(Exp 1) (cm) 


Soil moisture content 
(%) at DAE 


Fine root length density ' 
(cm root length/cm? soil) 
at DAE 


75 


80 80 


. Continued irrig. from the top 
of the combined pot 


* 0 -12.5 
*12.5-25.0 


>25.0-37.5 
°37.5-50.0 


. Continued irrig. from the bottom 
of the combined pot 


225 
*12.5-25.0 
>25.0-37.5 
°37.5-50.0 


Roots of less than 1 mm diam 
Layers of the original upper pot 
> Layers of the lower pot attached at 70 DAE 


Table 4. Effects of adding a lower wetted section to the bottom of 
potted cotton plants at 70 DAE with or without change from top to 
lower irrigation, on dry matter accumulation in the plant organs 
and on root: leaf dry matter ratio (DMR) 


Greenhouse 
treatments 
(Exp. 1) 


Days after transition to lower 
irrigation 


5 10 15 20 


dry wt/plant (gr) 
Leaves 6.60** 8.01* 9.30* 11.00* 
Stems 485* 6.45* 7.40* 10.36* 
Roots 1.80 2.20 2.90*  4.50* 
Total 13.25 16.75* 19.60* 25.86* 
DMR 0.27 027 “G31 0.40* 


5.40* 6.05% 6.50*  8.00* 
from the bottom Stem 4.20* 480* 5.00* 7.30* 
of the combined Roots 1.50 1.85 200° 2:65* 
pot Total 11.10 12:70* 13.50* 17.95* 

DMR 0.28 0.30 0.31 0.33 * 


Continued irrig. 
from the top of 
the combined pot 


Continued irrig. Leaves 


* An asterisk appearing next to a parameter within a column indi- 
cates that its values in the two treatments differ significantly at 
P=0.05 


penetrate into deeper, wetter zones is demonstrated in 
Table 3. In the treatment of continued irrigation from the 
bare of the combined pot, the plants were simultaneously 
exposed to progressive drying of the root zone in the 
former pot by terminating top irrigation on the one hand, 
and to the addition of a new source of available water at 
the bottom by attaching the wetted new pot, on the other 
hand. Five days after beginning this treatment, the soils 
moisture content (on a dry wt. basis) in the upper and 
lower pots reached 12% and 26%, respectively, as com- 
pared with 21% and 26% in the combined pot of the 
treatment of continued irrigation from the top of the new 
pot. Over that time, no root penetration into the lower 
and newly attached wetted pot was detected, despite the 
very low water availability in the upper drying pot that 
contained the original root system (Table 3). In the fol- 


lowing five days, a very limited root penetration into the 
lower pot was observed. By 15 days after attachment of 
the two lower sections, a considerable spreading of the 
root system into the wetted lower pot was noted. In the 
treatment of continued irrigation from the top of the 
combined pot, a considerable increase in root growth 
occurred throughout the entire depth of the combined 
pot, although the major root fraction remained in the 
upper (former) pot (Table 3). 

Dry matter production and its distribution among the 
plant organs are shown in Table 4. Dry matter accumula- 
tion per plant in the treatment receiving continued irriga- 
tion from the bottom of the combined pot was consider- 
ably less than that of the treatment in which continued 
irrigation from the top of the combined pot was given. In 
the five to 15 day period following reorientation of irriga- 
tion source, the continued top irrigation treatment pro- 
duced 6.3 g dry matter as compared with 2.4 g in the 
treatment involving a transition to bottom irrigation. 
During the subsequent five days, a considerable increase 
in dry matter production was observed in both treat- 
ments. The difference in net dry matter production be- 
tween the two treatments was reduced considerably, but 
remained higher in the continued top irrigation treatment 
(Table 4). Preferential root growth, as indicated by a 
higher root: leaf dry matter ratio, was not promoted by 
the transition to lower irrigation and the gradual drying 
of the upper root zone (Table 4). 


B. Experiment 2. Responses of cotton roots to soil wet- 
ting changes along the pot due to a transition from top to 
bottom irrigation for 20 days, and a resumption of top 
irrigation with or without re-wetting of the pot contents, 
are shown in Table 5S. Under daily top irrigations, most of 
the roots were concentrated in the upper half section of 
the pot irrespective of the greater water availability in 
deeper zones, as measured at 85 DAE. Transition from 
top to bottom irrigation at 65 DAE led to a severe drying 
of the 0—20 cm depth as measured 20 days later in treat- 
ment 2b. This process was accompanied by development 


= 
20.5 185 19.0 20.0 0.57 0.73 0.90 1.14 
21.0 195 200 21.0 0.67 080 0.90 1.00 
26.0 250 220 200 0.23 042 0.60 
26.0 250 23.0 22.0 0.16 035 0.45 
11.7 10.2 100 62 0.52 0.65 0.70 0.60 
120 11.7 116 11.6 0.42 0.50 0.60 0.60 
6.0 255 220 19.0 0.16 0.50 0.73 
26.0 26.0 240 203 0.08 0.36 0.60 
| 


Table 5. Effects of changes in soil moisture content gradient 
throughout the pot on root growth and distribution in potted cotton 
plants. In treatments 2a and 2b the top irrigation was altered to 
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bottom irrigation at 65 DAE and renewed as top irrigation 20d 
later. In treatment 2a, the soil was wetted to saturation before 
resumption of the top irrigation. PSW = pot soil wetting 


Greenhouse treatments Layer depth 
(Exp. 2) (cm) 


Days after renewal of top irrigation 


0 5 15 0 5 15 


Soil moisture content Root length density 
(%) (cm root length/cm? soil) 


1. Continued top irrigation 0-10 
10-20 
20-30 
30-40 
40-50 
50-60 


0-10 
10-20 
20-30 
30-40 
40-50 
50-60 

0-10 
10-20 
20-30 
30-40 
40-50 
50-60 


2a. Post PSW resumed top irrigation 


2b. Non PSW resumed top irrigation 


20.4 16.6 24.7 0.40 0.70 1.00 
19.6 14.0 27.5 0.50 1.00 1.30 
22.2 16.6 24.0 0.40 0.60 0.80 
23.0 19.0 21.0 0.20 0.58 0.70 
24.3 19.0 20.0 0.20 0.25 0.30 
25.0 18.0 19.0 0.05 0.08 0.25 


7.0% 20.0 24.0 0.20 0.25 0.30 
9.0 DE2 23.0 0.23 0.25 0.40 
16.5 16.5 23.0 0.23 0.30 0.45 
18.5 17.0 22.0 0.40 0.65 0.75 
24.0 19.0 21.0 0.60 0.70 0.80 
23.5 19.0 19.0 0.50 0.65 0.70 


A 16.2 24.0 0.20 0.23 0.30 
9.0 13.0 21.0 0.23 0.26 0.40 
16.5 £53 17.0 0.23 0.30 0.40 
18.5 14.0 14.5 0.40 0.50 0.40 
24.0 13.0 11.0 0.60 0.60 0.60 
23.5 ee 10.3 0.50 0.55 0.55 


* In day 0 treatments, 2a and 2b were selected from the same group of plants. Measurements in treatment 2a at zero time were carried out 


before soil re-wetting and the values are common to both treatments 


Table 6. Effects of changes in soil moisture content throughout the 
pot on dry matter accumulation and root: leaf dry matter ratio 
(DMR) for potted cotton plants. In treatments 2a and 2b, top 
irrigation was altered to bottom irrigation at 65 DAE and resumed 
as top irrigation 25 d later. In treatment 2a, the soil was wetted to 
saturation before the resumption of top irrigation. PSW =pot soil 
wetting 


Greenhouse treatments 


Days after resumption 
(Exp. 2) 


of top irrigation 


0 5. 15 


Dry wt/plant (gr) 


1. Continued 


Leaves 11.20 15:25 23.30 
top irrigation 


Stems 13.90 20.00 28.60 
Roots 2.50 4.35 5.00 
Total 27.60 39.60 56.90 
DMR 0.22 0.28 0.21 


Leaves 10.20? 11.80 18.10 
Stems 9.60 13.00 18.50 
Roots 2.80 3.70 4.60 
Total 22.60 28.50 41.20 
DMR 0.27 0.31 0.25 


Leaves 10.202 13.80 21.20 
Stems 9.60 14.60 20.40 
Roots 2.80 4.20 5.40 
Total 22.60 32.60 47.00 
DMR 0.27 0.30 0.25 


2a. Post PSW resumed 
top irrigation 


2b. Non PSW 
resumed top irrigation 


* At day 0, treatments 2a and 2b were selected from the same 
group of plants and the values are therefore commun 


of many roots in the 30—60 cm depth, as detected when 
top irrigation was resumed (Table 5). Reversion to top 
irrigation after 20 days of irrigation from the bottom 
rewetted the upper zone but did not lead to much root 
regrowth in this zone for at least five days (Table 5). Even 
15 days after irrigation was resumed, most of the roots 
were still concentrated in the 30-60 cm depth. In the 
treatment of non PSW resumed top irrigation, most of 
the roots stayed in the 40—60 cm layer, irrespective of its 
low water content, as compared with the higher wetted 
zone (Table 5). The treatment in which top irrigation was 
resumed post PSW also showed a preferential root accu- 
mulation at the 40—60 cm depth (Table 5). High or low 
availability of water in the lower pot mainly affected the 
root density in this section but not the distribution of 
roots throughout the entire combined pot (Table 5). 

The effects of exp. 2 treatments on dry matter accu- 
mulation and on root to leaves ratio are presented in 
Table 6. Whenever a change in soil moisture gradient 
throughout the pot was not followed by a rapid adjuste- 
ment in root distribution (as seen in Table 5), significant 
plant water stress occurred (expressed by a considerable 
reduction in dry matter production) in the treatments of 
non PSW resumed top irrigation, as compared with the 
treatment involving continued top irrigation. 


Discussion 


This study shows that mature cotton plants grown from 
the time of germination until flowering under conditions 
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of frequent wetting of the top soil lacked the ability to 
adjust to conditions of progressive drying of their shallow 
root zone by a rapid spread of roots into deepter, wetted 
layers. This phenomenon was detected both under field 
conditions (Tables 1 and 2) and in pots (Tables 3 and 4). 
In a previous study, Carmi et al. (1992) reported that the 
shallow root systems of cotton plants developed under 
conditions of superficial drip irrigation were character- 
ized by a high proportion of thin roots and a short, poor- 
growing taproot. Roots with this morphology lack the 
potential for rapid root growth and deepening in re- 
sponse to changes in the soil-wetting profile. Another 
explanation for the slow root growth is the possibility of 
weakening the root-sink strength for assimilate alloca- 
tion during periods when the changes in soil water con- 
tent gradient took place. The plants in the field were at 
the flowering and young boll growth stage when root 
regrowth became vital. The roots’ ability to compete in 
assimilate transport from the leaves is dramatically re- 
duced in the presence of growing bolls, which normally 
utilize most of the dry matter produced. In light of the 
above-mentioned findings, it is questionable whether 
during the phenological stage of intensive boll set cotton 
plants are capable of root adjustment in response to 
changing soil water distribution profiles, as indicated by 
root regrowth and redistribution. The applicative signifi- 
cance of these root responses is that a large change in soil 
water distribution, especially the deepening of the avail- 
able water reservoir, could expose shallow-rooted, ma- 
ture cotton plants to prolonged periods of water stress, 
due to the slow growth of roots at this stage. It is also 
possible that altering the drip irrigation regime from fre- 
quent to longer intervals of water supply will lead to plant 
water stress as a consequence of the resulted change in the 
soil wetting profile. Another conclusion is that increasing 
the water reservoir at deeper layers will not always be 
sufficient to buffer against decreasing moisture content in 
the restricted and shallow root system of frequently-drip- 
irrigated cotton. 

We conclude that an improvement in water availabili- 
ty to shallow-rooted plants at the boll set stage should be 


achieved by increasing the irrigation frequency, rather 
than by expanding the wetted soil volume around the 
root zone. Findings of the present study lead to the con- 
clusion that the possible slowness of root growth in re- 
sponse to water redistribution in the soil must be taken 
into account when designing the irrigation regime for 
shallow-rooted plants. 
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Abstract. A set of experiments was conducted to investi- 
gate the wetting contours obtained under very low pres- 
sure (10—15 kPa) moving emitters. Nine different instan- 
taneous application rates (IAR) were applied by three 
types of emitters: open-end pipe, short (5 m) and long 
(10 m) perforated pipes and for three water amounts. 
Results show that high IAR increase the uniformity of 
the wetting pattern and its width, and decrease the depth. 
On the other hand, high IAR increase water ponding on 
soil surface and, consequently, water runoff. The results 
of wetting patterns under moving emitters are in a good 
agreement with those for source-point stationary emit- 
ters. 


Uniformity of soil water distribution is one of the most 
important factors of irrigation efficiency. Uniformity of 
moving irrigation systems is composed of two elements: 
1) lateral uniformity — which is measured at right angles 
to the traveling direction, i.e., along the boom of the 
machine; and 2) longitudinal uniformity — which is mea- 
sured along the direction of travel. Lateral uniformity is 
dependent of the type of emitters, distance between emit- 
ters, pressure head at the inlet of the emitter and elevation 
of the emitter above crop canopy. A detailed analysis of 
the effect of these factors on surface distribution patterns 
can be found in Amir and Alchanatis (1992). Sometimes, 
however, uniform distribution over the entire irrigated 
area is not the most efficient pattern, especially for small 
row crops, such as carrots, or during the early growing 
stages of crops, such as cotton. In these cases, due to the 
limited root zone, more water is required close to the crop 
whereas the rest of the area should receive less water or 
none at all. A coefficient to evaluate the uniformity of 
strip patterns was suggested by Amir et al. (1992). Many 
publications present data regarding surface uniformity 
and distribution patterns (Thooyamany et al. 1987; Kin- 
caid et al. 1987). 
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The longitudinal uniformity depends mainly on the 
control system of the machines. Two basic methods are 
used for the control systems: 1) adjusting the speed of the 
machine to the inlet discharge in order to maintain the 
required amount of water along the entire traveling path. 
The control system checks frequently the water amount 
and the distance of travel and compares the actual 
amount of water applied to the required amount for the 
irrigated area defined by the width of the machine and the 
measured distance. Then, the speed of the machine is 
changed depending on the comparison between the actu- 
al and the required water amounts; 2) applying the re- 
quired amount of water for a predetermined distance e.g. 
1m. In most machines, in both control methods, the 
adjustment of the speed or the applied amount of water 
is carried out when the machine stops while the emitters 
continue to operate. This, obviously, reduces the longitu- 
dinal uniformity of water application. 

Another trend in moving irrigation machines is the use 
of very low pressure emitters - VLPE (<30 kPa) — in 
order to save energy and to reduce wind draft, evapora- 
tion and leaf diseases (Farbman et al. 1979; Lyle 1981). In 
this respect, Amir et al. (1984) examined the application 
patterns of very low pressure moving emitters: open-end 
and perforated pipes. 

This experimental work was aimed at studying the 
wetting patterns in the soil under moving VLPE i.e. a) the 
lateral wetting patterns of the above-mentioned very low 
pressure moving emitters and b) a preliminary observa- 
tion of the effect of frequent pauses of the machine on the 
longitudinal uniformity. The main variable was the in- 
stantaneous application rate, IAR. An additional aim 
was to examine the effect of topographical slope on water 
distribution uniformity under various IAR. 


Materials and methods 


From the literature (Kincade et al. 1969; Keller and Bliesner 1990) 
and supported by our experience, one of the most significant factors 
dominating soil-water patterns of the VLPE, is the IAR. It is de- 
fined as the discharge divided by the wetted area, (which is the 
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product of the distance of travel and the interval between the emit- 
ters). Most of the intervals between rows of field crops are about 
1 m; since the emitters should be installed every other row at the 
most, experiments were limited to just one interval between emit- 
ters, 2m. Consequently, two polyethylene pipes, 2m apart, were 
connected to a boom dragged by a cable operated by a tractor. The 
irrigated area had a lateral topographical slope of 2%. The soil was 
grumusol, heavy clay soil, in the Jezreel Valley of Northern Israel. 

The experimental setup, (Fig. 1), included 9 blocks, each one 
was for a combination of one type of emitter pipe and one water 
amount. The emitter pipes were: 

OEP (Open End Pipe) — without any device at the pipe end; 
25 mm diameter. 

SPP (Short Perforated Pipe) - 5m length, with 5 holes of 
11.2 mm diameter. (Total area of 5 holes equals the cross-sectional 
area of open-end pipe). 

LPP (Long Perforated Pipe) — 10m length, with 10 holes of 
8 mm diameter. 

The effect of the frequent pauses of the movement of the ma- 
chine on soil-water uniformity was examined by experiments in 
which the movement of the boom was stopped every 1 m for 15s (to 
simulate regular motion of irrigation machines in the field). 

Immediately after irrigation, the irrigated area was covered by 
a dark plastic sheet to prevent evaporation. Four days after irriga- 
tion, 90cm width, lateral (6m length) and longitudinal (10m 
length) trenches were dug by a small trencher in each block. The 
longitudinal trench was dug on the travel path (axis) of one of the 
dragged pipes. The wetted contours in the trenches were carefully 
observed and measured. 

For the various treatments of the experiments, two factors were 
calculated: traveling speed, S, and instantaneous application rate 
IAR. Traveling speed, controlled by the power take off (PTO) of a 
tractor, was calculated by the following procedure: 

The selected application amount of water is the product of M — 
the desired amount per unit area (m3/m7?) and the irrigated area Ai, 
Ai = W - L, (m?), where W and L are the width and length of the 
irrigated area, respectively. This selected amount of water is to be 
supplied by the discharge Q(m*/h) during the time (t): Therefore, 


MLW = (Qt. (1) 
The speed is S=L/t, therefore: 
S = Q/MW (m/h). (2) 


Three predetermined water amounts per area unit were applied: 
M = 86, 110 and 141 mm or 860, 1110 and 1410 m?/ha, respectively. 

With regard to IAR, one purpose of the work was to examine 
open-end and perforated pipes as VLPE. The main difference be- 
tween these types of VLPE is the discharge. The OEP applies the 
inlet discharge through one hole, while the perforated pipes dis- 
tribute the inlet discharge through N holes, 1 m apart. The dis- 
charge of each hole is, therefore, q = Q/N (N =1 for the OEP, 
N = 5 for SPP and N = 10 for LPP). 

By definition: 


q _ Q/N 
TAR = Wr 2WL 
where: Q/2 the inlet discharge to each emitter pipe; q is the discharge 
of one hole (out of N); W is the width of irrigated area for each 
emitter pipe (2.0 m); L is the length of irrigated area (L=1.0 m as 
the distance between the holes). 

In the experimental setup the inlet discharge was regulated to 
Q=3.44 m*/h, i.e., 1.72 m3/h for each pipe. Using Eqs. (2) and (3), 
the values of speed S and the instantaneous application rates IAR, 
for the three desired application amounts M, were calculated, as 
presented in Table 1. 


Results 


The contours of the wetted soil in the lateral cross section 
are presented graphically in Figs. 2—4 for water applica- 
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Fig. 2. Lateral wetting patterns for application amount of 860 m3/ha 
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Table 1. Speed and instantaneous application rates for the different 
treatments 


Factor Symbol Unit Values 


Application m?/ha 1110 1410 
amount m/h 6.10 
speed 

Instanta- OEP 
neous 

Applica- SPP 
tion 

Rate LPP 


mm/h 111 141 
mm/h 22.2 28.2 
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Fig. 3. Lateral wetting patterns for application amount of 1110 m3/ha 
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Fig. 4. Lateral wetting patterns for application amount of 1410 m3/ha 


tion amounts M = 860, 1110 and 1410 m?/ha, respective- 
ly. The lines in the figures connect measured points in the 
trenches taken every 40 cm. 

Soil homogeneity has a very significant effect on the 
wetting contours. Therefore, in order to examine the ef- 
fect of IAR on the wetting patterns, soil for the various 
treatments should be homogeneous. The homogeneity of 
soil (grumusol, heavy clay) was examined by the water 
content, Wc, and by the size of wetted area for a given 
water amount. The water content, Wc, defined as the 
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ratio between the volume of the applied water, Vw, to the 
volume of the wetted soil, Vs, is: 


Vw 
Wce=—, (4) 


The wetted volumes, Vs, were determined by measur- 
ing the wetted areas of the cross-sections in the figures, 
taking into account the scale of the figures and the width 
of the cross-section, L=1.0 m. 

The amount of water, Vw, (Eq.4) was calculated by 
multiplying the surface area of the cross-section, WL, by 
the selected application amount M, i.e.: 


Vw = M-W-L- 10-4 (when M is given in m3/ha). (5) 


The values of all We were tested statistically, showing 
that soil of all blocks had the same We, We= 0.3197= 
32%, at 95% level of significance (o =0.02 and coeffi- 
cient of variation ¢/Wc =0.063). Also the wetted areas for 
the same M were not significantly different from each 
other. Therefore, it was assumed that the soil in all blocks 
was homogeneous. 


Discussion 
Lateral wetting contours (Figs. 2—4) 


Figure 2 clearly shows that the contour of the wetted soil 
varies as a function of IAR for the same application 
amount M = 860 m?3/ha. 

The lateral dispersion of water is largest for the open- 
end pipe with the highest discharge and IAR. Because the 
wetted volume is the same for all cases, the depth of 
wetted soil is smallest. Furthermore, especially for the 
OEP, the wetted soil pattern is symmetrical, that is, no 
runoff occurred during irrigation. Such a symmetry of 
the wetting contours was not achieved under larger appli- 
cation amounts as presented in Figs. 3 and 4, where the 
wetting patterns are skewed. The uniformity achieved, 
especially under the open-end pipe, results in an impor- 
tant possibility of effectively controlling irrigation depth 
and uniformity with very low pressure emitter system. As 
IAR decreases, the uniformity also decreases. The wet- 
ting patterns approach a typical shape of a stationary 
point-source emitter as in the model of Schwartzman and 
Zur (1985) [Keller and Bliesner (1990), p. 455]. That 
model provides empirical equations, according to which 
width increases and depth decreases with emitter’s dis- 
charge for a given soil: 


Z=K1- Vw*'®3 -(Cs/q)**5 (6a) 
W =K2-: (Cs/q)~°!7 (6b) 


where: Z is the depth of the wetting contour; W is the 
width of the wetting contours, measured at 30 cm below 
soil surface; K1 and K2 are constants; Vw is the volume 
of the water applied; and Cs is the saturated hydraulic 
conductivity of the soil. 

Farbman et al. (1979) also present similar results for 
stationary drip laterals of various drippers on various 
soils. Similar behaviour of discharge-depth-width rela- 
tionships were achieved in our experimenets with moving 
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emitters. The similarity was determined quantitatively by 
comparing the powers of the discharge q of Eqs. (6a) and 
(6b) with the calculated ones using the results of the 
experiments. The calculations were carried out using 
Fig. 2, for M=860 m?/h, in which widths and depths of 
the wetting contours were eliminated by equating the 
following pairs of contours: OEP-SPP, OEP-LPP and 
SPP-LPP. The calculated powers for the wetting contour 
depth of the three pairs were: — 0.32, —0.37 and —0.45, 
respectively, (compare to —0.45 of Eq.(6a) for station- 
ary point-source emitters). For the width of the contours, 
the powers were: 0.16, 0.16, 0.18, which are the same for 
the point-source stationary emitters (0.17 in Eq. 6b). This 
agreement calls for further investigations of the depth 
and the width of wetted contours under moving point- 
source low-pressure emitters. 

Figures 3, and 4 generally show the same wetting 
fronts as in Fig. 2. Because the soil is homogeneous, the 
depths of the wetting fronts are obviously greater than in 
Fig. 2, due to the higher application amounts. The con- 
tours of the wetted soil in Fig. 3 and in particular in Fig. 4 
are not symmetrical. The wetted soil pattern of the right 
hand emitter pipe is wider and shallower than the pattern 
of the left hand one. Under the OEP (uppermost curve) 
with the largest IAR, a significant amount of water was 
diverted to the right due to runoff as had been observed 
while carrying out the experiments. 

From the results it can be seen that IAR is an impor- 
tant factor in the pattern of soil-water distribution. High 
IAR increases uniformity, as well as width of irrigated 
area, and decreases depth. High IAR, however, increases 
water ponding, when it exceeds soil water intake rate, 
thus increasing the possibility of runoff. IAR, therefore, 
can be used as a decision variable in controlling soil water 
patterns under very low pressure moving emitters. It cer- 
tainly can improve irrigation efficiency. This possibility is 
especially important because it enables one to save water 
when irrigating small crops (e.g. carrots) or other field 
crops, e.g. cotton, in their early growing stages. 


Longitudinal wetting contour (Figs. 5—7) 


Another set of measurements was carried out to study the 
longitudinal wetting contours. A 90 cm width trench was 
excavated on the axis of one of the pipes. Also, in this 
trench the contours of the wetted soil were observed and 
measured every 40cm on both walls of the trench. 

From the Figs. 5—7, three main features can be seen: 

1) The contours are fairly straight lines, indicating that 
the soil-water longitudinal pattern is uniform. Here, 
again, the larger the IAR the smoother the line. The 
deviations are not regular and therefore they cannot be 
explained by the frequent pauses in the pipe movement. 

2) The higher the IAR the closer the contours of the 
two walls to each other. This is obvious as the distance 
between the two lines in the figures is the distance be- 
tween the two walls, 90 cm apart, in the lateral direction. 
Therefore, as in the lateral cross-sections, the higher the 
IAR the more uniform the wetting pattern. The IAR of 
the OEP in Fig. 7 for M=1410 m?/ha is again exception- 
al because of water runoff. 


(+>) wetted pattern along axis of dragged pipe 
wetted pettern parallel to axis of dragged pipe, 90 cm apart 


Fig. 5. Longitudinal wetting patterns — for 860 m3/ha 


(->>) wetted pattern along axis of dragged pipe 
wetted pattern parallel to axis of dragged pipe, 90 cm apart 


Fig. 6. Longitudinal wetting patterns — for 1110 m3/ha 


3) As already mentioned, the effect of the frequent 
pauses on uniformity cannot be clearly seen in the figures. 
This indicates that the 15 s stop every 1 m is too small to 
affect uniformity under the conditions of the experiments 
(the time to move treatments). As this aspect is very im- 
portant for moving irrigation systems further investiga- 
tions are called for. 
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Fig.7. Longitudinal wetting patterns — for 1410 m*/ha 


Conclusions 


A set of experiments was carried out to investigate the 
effect of IAR on very-low-pressure moving emitters: 
open-end and short and long perforated pipes. From the 
results, it can be concluded that: 

1) High IAR increases lateral dispersion, increases the 
width and decreases the depth of soil irrigated. 

2) High IAR increases uniformity but also the possi- 
bility of water runoff. 

3) Resulting from conclusions 1 and 2, is the fact that 
IAR, when properly controlled, can be used as one of the 
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decision-variables in water application to achieve desired 
wetting profiles in the soil, both for uniform as well as for 
strip application. Such a control can be used to signifi- 
cantly improve irrigation efficiency. 

4) The effect of the discharge on the width and depth 
of the wetting contours of moving low pressure moving 
emitters is similar to that point-source stationary emit- 
ters. 

5) The longitudinal uniformity is fairly insensitive to 
frequent short pauses, at least under the conditions of the 
experiments. 
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Abstract. Nitrogen (N,) fixation in an irrigated white 
clover-grass sward was estimated using the '°N isotope 
dilution technique following the addition of K'*NO, at 
0.5 gNm~? and 80 atom % '°N ina field study during 
the 1990-91 season. Two water salinity treatments 
(channel water; EC,=0.07 and _ groundwater; 
2.4 dSm~') and four irrigation frequencies were included 
in a factorial design with four replicates. The channel 
water treatments were irrigated when pan evaporation 
minus rainfall equalled 50 mm, whereas the groundwater 
treatments were irrigated at deficits of 40, 50, 65 or 
80 mm. Cumulative dry matter of the clover was signifi- 
cantly less in treatments irrigated with saline ground- 
water compared to channel water at day 164, and soil 
salinities (EC,) increased on average from 2.3 to 
5.07 dSm~!. In contrast, salinity of the irrigation water 
had no effect on the cumulative yield of grass. Cumula- 
tive dry matter of the grass and clover were not affected 
by groundwater irrigation frequency. Total N accumula- 
tion by the grass did not differ significantly between 
treatments. However, total N accumulation in white 
clover was significantly less (P < 0.05) in all treatments 
irrigated with groundwater compared to channel water. 
Neither the N concentrations of the grass nor the clover 
differed significantly between the salinity treatments. 
Salinity and irrigation frequency had no effect on the 
proportion of clover N (P,,,,) derived from N, fixation. 
The values of P,,,, were high throughout, and increased 
progressively from 0.78 at day 39 to 0.91 at day 164 
(P < 0.01). However, the yield of fixed N was lower in 
clover when watered with groundwater compared to 
channel water (P < 0.01). Thus low to moderate soil 
salinity did not affect the symbiotic dependence of clover, 
but the yield of biologically-fixed N was depressed 
through a reduction in the dry matter yield of the legume. 


Correspondence to: C. J. Smith 


The efficiency of the dairy industry in the Murray-Goul- 
burn Irrigation region is dependent on the white clover 
component of the pasture supplying adequate nitrogen 
(N) for the intensive grazing system (Cockroft and Martin 
1981; Mundy 1987). In conjunction with water, the flux of 
biologically-fixed N, into the farming system determines 
the yield and productivity. Greater amounts of N are 
essential if the higher yield potential afforded by irriga- 
tion is to be realised. Limited data are available on the 
inputs of atmospheric N, fixed by white clover grown in 
mixed pastures of the region (Mundy 1987). 

A shallow saline watertable has developed throughout 
the irrigation region of northern Victoria, with commen- 
surate rises in soil salinity (Mehanni and Bleasdale 1983; 
Noble et al. 1987). The re-use of the moderately saline 
groundwater for irrigation is one salinity management 
strategy under consideration. However, this option is on- 
ly practicable if productivity losses are minimal. Studies 
have been undertaken to evaluate the effect of irrigation 
with saline water on the growth of pasture (Mehanni and 
Repsys 1980, 1986) and lucerne (Noble et al. 1987), and 
recently Mehanni and West (1992) reported positive pas- 
ture yield response to N application when irrigated with 
saline water. However, no measurements have been made 
of the effect of irrigation with saline water on N, fixation. 
Consequently, the impact of changes in the irrigation wa- 
ter quality and soil salinity on N, fixation must be deter- 
mined. The objective of this work was to determine the 
effect of irrigation with saline groundwater on the pro- 
portion of N derived from the atmosphere (P,,,,,) in white 
clover, estimated by the '°N isotope dilution technique 
using grass as the non-fixing reference plant. 


Materials and methods 
Site 


The experiment was undertaken at the Institute for Sustainable 
Agriculture, Tatura, Australia (lat. 36° 26'S, long. 145° 15’E, alt. 
114 m) in 1990-91. The soil at the site is a red-brown earth (Stace 
et al. 1968) or Typic Haplustalf (SSS 1990) and is representative of 
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2 million ha of soils mainly used for pasture production in the 
Murray-Darling Basin. The surface soil layer (0Q—0.15 m) has a clay 
loam texture abruptly separated from the red-brown clay B horizon 
to 0.6m which grades into a brown clay to 1.2 m. Selected soil 
properties of the surface 0.15 m layer were: pH (1:5 soil: water) 6.2; 
cation exchange capacity, 10.6cmol(+)kg~'; organic carbon, 
17.8 g kg~'; total N, 1.6 g 

The site had been under a white clover (Trifolium repens L.) 
grass pasture for a minimum of 4 years prior to 1990. The main 
grass species were perennial ryegrass (Lolium perenne L.) and pas- 
palum (Paspalum dilatatum L.). In two irrigation seasons preceding 
the current experiment, plots (8 m x 5 m) on the site had been flood 
irrigated with water with mean electrical conductivities (ECy) of 
either 0.07, 1.2, 2.4 or 3.4dS m7?. 


Experimental 


Two water salinity treatments (ECy =0.07 and 2.4 dS m~’, being 
either channel water or a dilution of groundwater) and four irriga- 
tion frequencies were included in a factorial design with four repli- 
cates on the established plots. These treatments were blocked over 
the old treatments of preceding years. Flood irrigations were sched- 
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Fig. 1a, b. Seasonal changes in (a) air temperature (e, maximum; o, 
minimum), (b) evaporation (a) and rainfall (m) 


uled when the cumulative Class A pan evaporation minus rainfall 
deficit totalled 40, 50, 65 and 80 mm. Volumes of water applied at 
each irrigation were metered. Excess surface water on the plots 12 h 
after commencement of each irrigation was pumped off and vol- 
umes measured through meters. The water table was maintained at 
a depth greater than 2.5 m by a groundwater pump adjacent to the 
site. The chemical composition of the channel water and diluted 
groundwater is shown in Table 1. Class A pan evaporation, min- 
imum and maximum temperatures and rainfall were measured daily 
at a weather station approximately 500 m from the site, and these 
values are given in Fig. 1. 

Following the first harvest on 1 November 1990, unconfined 
subplots (0.7 by 0.7 m) were pegged out within all main plots irrigat- 
ed with groundwater, and plots irrigated with channel water at 
50 mm deficit. Labelled potassium nitrate was applied to each sub- 
plot at the rate 0.5 gNm~?. The '°N was applied with sand (Berg- 
ersen and Turner 1983) prepared by mixing 36.26 g of K'°NO, 
(80.0 atom % '5N) with 4.1 kg of white sand. The K'* NO, was 
dissolved in 1.025 L of distilled water and small batches were pre- 
pared by mixing 0.1 L of solution with 400 g of sand, and then dried 
at 40°C. The dry sand was mixed, passed through a 2 mm sieve and 
200 g spread evenly over the surface of each subplot. Sand was 
brushed off the plants and each subplot watered with 2 L of water 
(0.4 mm) to wash the nitrate into the soil. Plots were irrigated the 
next day. 


Sampling 


Plant tops were harvested on 1 November, 10 December, 8 January, 
7 February, 19 March and 14 May; that is, 0, 39, 68, 98, 138 and 
164 days after the '"NOj; was applied. At each harvest, the plants 
in the central 0.5 m by 0.5 m quadrat (0.25 m7) of each subplot were 
cut approximately 2 cm above the ground. The foliage was separat- 
ed into clover and grass, dried at 60°C, weighed, milled to a fine 
powder and stored for total N and !°N analysis. The surrounding 
area of the subplots and the main plots were cut and the foliage 
removed after the quadrat sampling was completed. 

Pasture yield was estimated from the main plots by removing a 
strip (0.5 m by 5 m) taken along the diagonal of each plot. The fresh 
weight was recorded and a sub-sample dried at 60°C. 

The soil was sampled in September (start of irrigation season), 
November (start of the experiment), December, January, February, 
March and May, 1991 (end of the irrigation season). The soil was 
sampled to a depth of 0.6 m using a Jarret auger, taken at 2 sam- 
pling points within the main plot. Soil samples were air-dried and 
crushed to pass a 2mm sieve. The sampling depth of 0.6 m was 
chosen because this layer contained 99% of the pasture roots 
(Mehanni and Repsys 1986) and supplied 90% of the water used by 
the pasture (Prendergast, unpublished). 


Analytical methods 


Soil salinity was determined from the electrical conductivity of 1:5 
soil to solution extracts. All soil salinities were reported as EC, 
(saturation paste extracts) based upon a regression relationship 
between 1:5 extracts and EC, values for this soil type (Hunter, 
unpublished). 


Table 1. Chemical composition of channel water and diluted groundwater 


Water Ionic constituents (mmol (+) L~*) 


ECy (dSm~') HCO; o 


Channel 0.07 <0.01 0.60 1.0 
Ground 2.4 <0.01 1.20 19.5 
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The N concentration of plant material was determined by semi- 
micro Kjeldahl digestion (Nelson and Sommers 1973) and steam 
distillation. '°N cross-contamination during distillation was min- 
imised by successively distilling duplicate aliquots of each sample, 
discarding the first distillate and retaining the second for isotope 
anlysis (Pruden et al. 1985). '°N isotope-ratios were measured on a 
dual-inlet, triple-collector mass spectrometer (VG Isogas Sira 10) 
after preparing dinitrogen from ammonium by hypobromite oxida- 


tion using the apparatus and procedures described by Chen et al. 
(1990). 


Estimation of N , fixation 


The proportion (P,,,,) of biologically-fixed N in the white clover was 
calculated using the expression (McAuliffe et al. 1958): 


=1- (1) 


where a,,,=atom % '*N excess in the clover, a,.¢-=atom %'°N 
excess in the grass. The '°N enrichment was calculated by subtract- 
ing natural abundance (0.366 atom %) from the measured '°N 
abundance. Foliage N (gNm~?) was calculated as: [(dry mat- 
ter)*(N concentration)]. The amount of biologically fixed N in the 
foliage (g Nm~?) was calculated as: [(foliage N in clover) *(P,,,,)]- 


Statistical analysis 


Treatment comparisons at each sampling time were determined by 
analysis of variance, with levels of salinity included as orthogonal 
polynomials (Genstat 5; Payne 1987). Treatment comparisons over 
time were determined by spatial analysis (TwoD, NSW Agricul- 
ture). The time interval was days 39 to 164; the effects of osmotic 
and water deficit stress should be expressed after the second sam- 
pling on day 39. 


Results and discussion 
Soil salinity and applied water volumes 


Soil salinities (EC,) for each treatment throughout the 
experiment are shown in Table 2. Some salinisation of the 
soil was evident at the commencement of the experiment. 
The EC, of the saline irrigation treatments increasd over 
time at a greater rate than the control (P<0.001), but 
there was no difference between any of the deficit treat- 
ments (P>0.10). Although groundwater was applied at 
different frequencies, the total volume of water infiltrated 
(and hence mass of salt applied) did not differ between 
treatments by more than 10% (data not shown). In con- 
trast, there was no significant change in EC, values of the 
treatment irrigated with channel water and the average 
value was 1.73 dSm“'. 


Growth and N uptake of the pasture 


The growth of the main plots and the subplots were sim- 
ilar and only the sub-plot data are presented. Cumulative 
dry matter of clover and grass in the '*N subplots, follow- 
ing removal of foliage in November, is shown in Fig. 2. 
The growth of the clover was significantly reduced 
(P<0.01) when irrigated with saline groundwater com- 
pared to irrigation with channel water, a result consistent 
with the findings of Mehanni and Repsys (1980, 1986). 
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Table 2. Salinity (EC,) in the upper 0.6m of soil irrigated with 
channel water and saline groundwater 


Month Salinity 0.07 2.4 
of water 


(dS 


2.4 2.4 2.4 Contrasts? 


Deficit 
(mm) 


September 1.29 
November 1.50 
December 1.90 
January 1.95 
February 1.91 
March 1.67 
May 1.88 
L.S.D. 

(P=0.05) 

time 0.31 


* nd, not determined; ° Probability 


They found when pasture was irrigated with water of 
2.4dSm~! for several years, average soil salinities (EC,) 
were 5.5dSm~' and the average reduction in pasture 
yield was 30%. The decline in pasture yield with increas- 
ing salinity of the surface 0.6 m of soil was associated with 
a decline in the proportion of white clover in the sward. 
Grasses generally persist longer at high salinity levels 
than do legumes (Russell 1976). 

Relative yield responses for white clover and ryegrass 
to soil salinity can be predicted from the relationships 
given by Maas and Hoffman (1977): 


White clover Relative yield = 100—12(EC,—1.5) 
Ryegrass Relative yield = 100 —7.6(EC, — 5.6) 


For white clover, the threshold soil salinity before the 
yield declines is 1.5 dSm~', and the yield declines by 12% 
for each unit increase in EC, above the threshold value. 
The average soil salinity of the groundwater treatments 
was 3.7dSm~' (Table 2). The predicted yield loss for 
white clover was 27%, which is consistent with the mea- 
sured loss of 32% (Fig. 2a). The yield of ryegrass was not 
affected by increasing soil salinity (Fig. 2b), and a re- 
sponse was not predicted because the average soil salinity 
of the groundwater treatments was less than the threshold 
value (Maas and Hoffman 1977). 

Though there was no effect on biomass of the white 
clover by changing the irrigation deficit within the saline 
treatments (P = 0.60) at day 164, the rate of increase in dry 
matter was greater (P=0.01) when the irrigation was 
scheduled at 40 mm than at 80 mm. Salinity and irriga- 
tion frequency had no effect (P = 0.60) on the final cumu- 
lative yield of grass (Fig. 2b), but the rate of increase in 
biomass in the 50 mm deficit treatment was greater than 
65 mm or in the control (P = 0.02). In the interval between 
irrigations, as water is lost by evapo-transpiration, the 
salinity of the soil solution increases and osmotic poten- 
tial decreases (i.e. more negative; Rhoades and Loveday 
1990). The lack of a significant response to increasing 
the deficit from 40 to 80 mm with water of 2.4dSm™', 
implies that the changes in osmotic potential were not 


50 40 SO 65 80 Lin. Quad. 
2.39 2.44 2.25 2.22 0.35 0.12 
2414 242 27 1.73 0637 
P| 3.43 3.47 3.76 3.02 0.38 0.12 
4.11 3.99 4.33 3.45 0.23 0.22 
nd* 4.55 nd 4.46 0.76 0.78 
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Fig. 2a, b. Cumulative dry matter of the foliage of (a) white clover 
and (b) grass irrigated with channel water (ECy=0.07 dSm“') at 
50 mm deficit (a), and saline groundwater (ECy=2.4 dSm~') ata 
40 (0), 50 (a), 65 (0) and 80 (v) mm deficit. The SED of log, 
transformed data for clover and grass was 0.32 and 0.20, respecti- 
vely 


sufficient to reduce dry matter production of the grass or 
clover. 

Irrigation with channel water or saline groundwater 
had no effect (P>0.10) on the N concentration of the 
clover or the grass. Consequently, only the average values 
of the irrigation treatments are given in Table 3. Noble et 
al. (1987) similarly found no difference in the N concen- 
tration of lucerne irrigated for three years with saline 
water up to 4.5 dSm_“'. In our study the average N con- 
centration in the clover increased (P<0.001) from 
39 gkg™' at the first harvest (day 0) to 45 gkg~' at the 
final harvest (day 164), whereas the corresponding values 


(a) Clover 


Foliage N (g m-2) 


40 60 80 100 120 140 160 
Days 


(b) Grass 


= 


Foliage N (g m-2) 


0 20 40 60 80 100 120 140 160 180 
Days 
Fig. 3a, b. Nitrogen accumulation in the foliage of (a) white clover 
and (b) grass. Symbols as in Fig. 2. The SED of log, transformed 
data for clover and grass was 0.34 and 0.16, respectively 


for the grass were 17 and 27 gkg” '. However, the total N 
accumulation by white clover was significantly less 
(P <0.02) in all treatments irrigated with groundwater 
compared to channel water (Fig. 3). In addition, the rate 
of accumulation of N in the aboveground biomass was 
greater in the saline treatment irrigated at a deficit of 
40 mm than at 80 mm (P<0.01). Total N accumulated by 
the grass did not differ between the treatments (P > 0.26), 
but the rate of accumulation was greater in treatments 
irrigated at a deficit of 50 mm compared to that irrigated 
at deficits of 40 or 65 mm or the control (P <0.05). These 
data are consistent with the finding of Noble et al. (1987). 
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Table 3. Nitrogen concentration and isotopic composition of com- 
ponents of the pasture 


Days after 
addition 


1SN abundance 
(atom %)* 


N concentration 
(gkg™')* 


Clover Grass Clover Grass 


0 39 17 
39 36 5 
68 36 24 
98 36 21 

138 39 19 
164 45 27 
L.S.D. (P=0.05)° 
time 


0.869 
0.513 
0.424 
0.386 
0.377 


2.771 
1.266 
0.749 
0.551 
0.498 


@ Average of irrigation treatments; >** P<0.01 


Table 4. The proportion (P,,,,,) of clover N derived from N, fixation 
under irrigation with channel water and saline groundwater 


Days after Salinity of 0.07 24 24 24 2.4 
water (dSm~') 


addition 


Deficit (mm) 65 


39 

68 

98 
138 
164 
time 


00! 


N, fixation 


The '°N abundance of the clover or the grass foliage did 
not differ significantly for the salinity and irrigation fre- 
quency treatments, and only the average values for each 
harvest are shown in Table 3. The '°N abundance of the 
grass was significantly higher than the clover, and de- 
clined with time in both species (P <0.01). 

Using the '°N enrichment in the grass as a integrated 
measure of the ratio of labelled to unlabelled N recovered 
by the white clover from the soil, an estimate of the P,,,, 
can be made (Table 4). The values of P,,,, were high 
throughout and increased with time from 0.78 at day 39 
to 0.91 at day 164 (P<0.001). The increase in the control 
treatment was only greater than that measured in the 
40mm deficit treatment (P<0.05). High P,,,, values 
(>0.7) have similarly been reported for a white clover- 
ryegrass pasture on a red-brown earth in northern Victo- 
ria (Mundy 1987). The estimated daily rates of N fixation 
(0.05 to 0.10 gNm~?d~') were also similar to the values 
of 0.06 to 0.08 gNm~?d~! reported by Mundy (1987). 
The salinity and irrigation frequency treatments had no 
effect on P,,,,, (Table 4). Less fixed N was recovered in the 
clover when irrigated with saline groundwater compared 
to channel water. The control had a greater rate of in- 
crease in fixed N than the 50, 65 and 80mm deficits 


Fixed N (g m-2) 


| | | | | | | | 
20 40 60 80 100 120 140 160 180 

Days 
Fig. 4. Nitrogen in white clover foliage derived from N, fixation. 
Symbols as in Fig. 2. The SED of log, transformed data was 0.35 


(P<0.01). However, the 40 mm deficit treatment had a 
greater rate of increase than the 80 mm treatment (Fig. 4). 

Zahran (1991) reported that salt stress reduces the 
nodulation of legumes by inhibiting the very early symbi- 
otic events. However, this effect was avoided in the pres- 
ent study as the clover-rhizobium symbiosis was estab- 
lished for two years under non-saline conditions. 
Legumes are generally more sensitive to osmotic or salt 
stress than the rhizobium and the poor symbiotic perfor- 
mance of some legumes under saline conditions is not due 
to salt limitations on the growth of rhizobia (Zahran 
1991). In contrast to their host legumes, rhizobia can 
survive in the presence of extremely high salt levels in 
culture and in the soil (El Sheikh and Wood 1990; Hua et 
al. 1982; Zahran 1991). In the present study, the detrimen- 
tal effect of salinity on the yield of biologically-fixed N 
was caused by reduction in clover dry matter yield, and 
not on legume N concentration or symbiotic dependence 


Conclusions 


Irrigation of an established white clover-grass pasture 
with saline water (2.4dSm~') diminished the annual 
yield of biologically-fixed N by 27 to 47% compared to 
irrigation with channel water (0.07 dSm~'). The present 
investigation has shown that management of irrigation 
frequency did not alleviate the yield reduction. Nitrogen 
is a major factor limiting the productivity of the pasture, 
and N, fixation by the white clover supplies the N needs 
of the pasture for the production of whole milk from 
grazing dairy cows (Mundy 1987; Mehanni and West 
1992). The lower input of biologically-fixed N that results 
from irrigation with saline water may be overcome by the 
application of N fertilisers. Dry matter production of 
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white clover-grass pasture irrigated with saline water was 
increased by the application of 150 kg Nha! (Mehanni 
and West 1992). However, both pasture quality (% clover) 
and the proportion of biologically-fixed N in the white 
clover will be reduced by N fertiliser addition (Mundy 
1987; Frame and Boyd 1987). The reduced yield of biolog- 
ically fixed N measured in the present study might best be 
overcome through the use of less saline groundwater or 
selection/breeding for improved salt tolerance of the 
legume. Studies by Noble and Shannon (1988) have 
shown selection of white clover for improved salt toler- 
ance is possible. 
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Book reviews 


Diemer G, Slabbers J (eds): Irrigators and engineers. 
Thesis Publishers, Amsterdam, 1992, ISBN 90-5170-139X, 
315 pp 

This monograph is dedicated to Lucas Horst and the de- 
partment he developed at Wageningen Agriculture Univer- 
sity. Horst was appointed Professor in 1977. Horst and his 
team developed an interdisciplinary approach to irrigation 
research at the university dealing with the issue of why 
irrigation projects fail. Failure to integrate the social di- 
mensions of irrigation into irrigation design is seen as a 
factor affecting the success of irrigation development. 

The book has five sections: 1) Irrigation Research: 
Past and Present; 2) Social Contents of Irrigation Hard- 
ware; 3) Design Method and Design processes; 4) Man- 
agement and Organization of Irrigation Systems; and 
5) Research and Policy Issues. In the Introduction, the 
editors summarize seven factors that have tended to focus 
irrigation engineering on purely physical aspects of irriga- 
tion. However, they stress that social scientists must be 
content to make propositions because they do not make 
designs. The book captures mainly the experiences of the 
Department’s engineers and social scientists. Most refer- 
ences cited are from the Netherlands. 

In the first section, Hoogendam and Slabbers summa- 
rize the past 15 years of irrigation research at Wagenin- 
gen. During the 1960s, courses at the university dealt 
primarily with civial engineering aspects of irrigation in 
Indonesia. Slabbers began changing courses to include 
soil-water-plant relationships, crop-water requirements 
and surface irrigation methods as developed in the USA. 
During the 1970s, international studies began focusing on 
improving irrigation performance including the relation- 
ship between irrigation and social and economic issues 
and the analyses of farmer-managed systems. Several 
years were required to develop a research agenda and the 
communications between social and technical irrigation 
scientists. In the 1980s, two student groups played a 
major role in emphasizing water management as an es- 
sential part of irrigation development. Field studies in 
village irrigation schemes provided a major source of in- 
formation rather than publications on irrigation organi- 
zation written by sociologists and anthropologists. An 
anthropologist was appointed to the department to im- 
prove input from the social sciences and a female special- 
ist was appointed to focus on gender and irrigation. 
Following a workshop on farmer-managed irrigation 
schemes in sub-Saharan Africa in 1990, two research 
themes were established. The first was aimed at analyzing 
social processes that shape irrigation technology. The 
second was aimed at developing strategies about how 
information on social, economic and cultural aspects can 
be integrated into designs of irrigation schemes. This shift 
in directions was not without problems. Not everyone 
agreed with the focus on socially-oriented irrigation re- 
search and funding was difficult. Today, the Department 
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is convinced that this research is a must, but some ad- 
ministrators feel that the Department should carry out 
mainly technical research. 

A few outside authors were invited to prepare chap- 
ters. Levine presents a brief chronological summary of the 
experiences in irrigation research and training at Cornell 
over the past 25 years starting in the Philippines in 1963. 
Common elements involved irrigation behaviour of water 
users. Cornell’s later formal association with Colorado 
State University and Utah State University in the major 
USAID-funded project Water Management Synthesis II 
project along with other associations broadened Cor- 
nell’s experiences in this subject area. Fuchs et al. summa- 
rize the research program of the International Irrigation 
Management Institute (IIMI), which has focused on irri- 
gation performance and the management of irrigation 
systems. 

In the second section on social aspects of irrigation 
hardware, Kloezen and Mollinga discuss how technical 
aspects of irrigation are social objects and how social 
aspects shape irrigation technology. Bentum presents a 
case study of how water users independently installed 
water counters in southeast Spain. Van der Zaag presents 
a case study in Mexico in which he concludes that actors 
internalize and re-define the physical properties of an irri- 
gation system. As a result, the system is operated differ- 
ently from the way the designers intended. 

In the third section on design method and processes, 
Meijer describes three common pitfalls of irrigation sys- 
tem design which are: too optimistic friction factors, un- 
balanced design procedure and adherence to a high effi- 
ciency without considering the costs and the benefits of 
alternatives. Van Vuren presents an alternative way of 
deaiing with efficiencies in the design and management of 
irrigation systems. It focuses on dividing the system into 
parts that coincide with the body responsible for its man- 
agement. Diemer presents a design method and process 
for small-scale systems in Sub-Saharan Africa that takes 
into account adaptation to local farming systems and 
social aspects which could improve the performance and 
returns on investments. Meijers presents a process ap- 
proach to design, but concludes that the search for inter- 
active design methods must go on. He suggests studying 
design methods used by other disciplines such as architec- 
ture, industrial design, landscape architecture and plan- 
ning trying to integrate clients’ wishes. Scheer discusses 
perceptions in Senegal Valley and how engineers and 
farmers have different perceptions of how water flows in 
canals, communication patterns concerning this issue and 
how this mis-communication affects other subjects there- 
by increasing the perception gap. De Bont describes the 
linking of design and construction and uses a case study 
in Guinea Bissau to illustrate two main points: resource 
mobilization and decision-making. He stresses the prob- 
lem of trying to use the concept of ‘property’ in Africa. 


196 


In the fourth section on management and organiza- 
tion, Spiertz and de Jong discuss the role of traditional 
law and irrigation management. They cite several exam- 
ples of variations in the way the concept of ‘bethma’ is 
interpreted and practiced in Sri Lanka to illustrate how 
bethma in the books is different from bethma in practice. 
Bethma cultivation is a land tenure arrangement giving 
access to land in three parts of an irrigation scheme. Hunt 
discusses various factors which influence the form of man- 
agement of an irrigation scheme that is practiced varying 
from a central authority to farmer-run systems. Uebels 
discusses the irrigation management interface and cites 
case studies in Egypt, Thailand and western Mexico and 
the ‘Irrigation Service Fee’ concept practiced in Indone- 
sia. Jurriéns discusses the interactions between main sys- 
tem and tertiary units. He cites a case study in India to 
illustrate problems that occur with water allocations, 
timing, flow size and the actions taken by farmers to 
influence the water they take from the secondary canals. 
Kalshoven discusses organizational contrasts in irriga- 
tion management with bureaucratic structures and farm- 
ers’ participation. He proposes developing an ‘organic’ 
system of management and the role of community orga- 
nizers as links between the water users and irrigation 
agency. 

In the fifth section, Huibers and Stroosnijder stress the 
importance of considering complementary technologies 
of rainfed and irrigated agriculture in the semiarid trop- 
ics. A particular emphasis is placed on the shift to nutri- 
ent-limited production when water is not the limiting 
variable and the value of integrated crop growth simula- 
tion models that consider both water and nutrients. 
Kloezen and Slabbers discuss the role of engineers in the 
turnover of irrigation systems from the irrigation agency 
to the farmers. They list a number of engineering issues 
that need to be considered when considering whether and 
how a system or part of a system could be transferred to 
farmers. Van Koppen discusses gender in design issues 
and the limitations of the ‘family plot’ concept in provid- 
ing opportunities for women to participate. She con- 
cludes that the assumption that the male heads of house- 
holds can command their wives is unreal. Bos summarizes 
the emerging problems associated with an expanding 
population and limitations of land suitable for irrigation. 
He describes the approach that is used at the Institute for 
Land Reclamation and Improvement to evaluate and se- 
lect research projects. 

The area of irrigated lands expanded rapidly after 1950 
and many irrigation projects have not performed as 
planned. Numerous studies have documented these prob- 
lems, but there has not been general agreement on the 
major cause of problems that have limited performance. 
This book summarizes the experiences of a Dutch univer- 
sity department that radically changed its approach to 
irrigation system design and management. Its interdisci- 
plinary approach to operation, management and training 
is not unique as others have developed similar approach- 
es. The book does not present a clear-cut approach to 
solving these problems. It does present case studies that 
identify potential problems that could be avoided. It pro- 
vides alternatives to be considered by project planners 


and designers and presents guidelines to academic institu- 
tions that are considering changing irrigation curricula. 


M.E. Jensen, Colorado Institute for Irrigation Manage- 
ment, Colorado State University, Fort Collins, CO 80523, 
USA 


Feigin A, Ravina I, Shalhevet J: Irrigation with treated 
sewage effluent: Management for environmental protec- 
tion. Springer, Berlin, 1991, ISBN 3-540-50804-X, 
224 pp, DM 228,— 

Sewage farming was practiced as long ago as 1531 in 
Germany, but modern wastewater reclamation and reuse 
can be traced to two recent phenomena: Public concern 
with eutrophication of lakes and streams caused in part 
by discharge of nutrient-laden wastewater; and growth of 
urban populations in regions deficient in fresh water. 
Irrigation with treated municipal wastewater can be re- 
garded as “land treatment’’, that is, as an alternative to 
expensive advanced treatment, which is required before 
discharge into the environment. It can also be seen as a 
way of increasing the quantity of usable water, that is, as 
beneficial reuse. In most cases of wastewater reuse, both 
objectives are present. In humid regions, the land treat- 
ment/disposal objective predominates; in water-short re- 
gions, beneficial reuse is the more important objective. 

In Irrigation with Treated Sewage Effluent, the late 
Amos Feigin and his co-authors present their subject 
mainly from the second perspective. This is not surprising 
given their extensive experience with irrigation as prac- 
ticed in Israel. In that country, about 45% of the total 
municipal wastewater is recycled for irrigation, a volume 
of 1.1 x 10° m? per year. Even in California where state 
and federal governments encourage reuse of treated 
wastewater, and where fresh water supplies are critically 
short, less than 15% of all treated wastewater is inten- 
tionally reused. 

The objective of the book, as stated by the authors, is 
to provide a comprehensive overview of the principles 
and practices of using sewage effluent for irrigation. The 
intended reader is “the field irrigation manager 
(agronomists, engineers and farmers)”. For the conve- 
nience of this nonspecialist readership, the authors have 
included an astonishing quantity (given the book’s mod- 
est 224 page length) of background information from 
standard reference sources in soil, water, and plant sci- 
ence. All aspects of irrigation and soil science are dis- 
cussed, with special attention given to the practices re- 
quired to overcome the specific limitations imposed by 
the quality of treated municipal wastewater, i.e., patho- 
gens, salinity, nutrients, suspended solids, etc. The book 
contains 46 figures, 66 tables, and lists nearly 400 refer- 
ences. About half of the references directly concern 
wastewater treatment, wastewater irrigation, or sewage 
sludge. An eight-page index is provided. Chapter titles 
are: 

2. Sources, Treatment Processes and Uses of Sewage 
Effluent. Includes chemical, physical, and biological de- 
scription of raw sewage and secondary effluent. 
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3. Effect of Treated Sewage Effluent on Soil, Plant, 
and Environment. Covers salinity and sodicity, N, P, K, 
trace elements, organic compounds, suspended solids, 
and health aspects. 

4. Practical Use of Effluent Irrigation. Summarizes se- 
lected case studies in Arizona, California, New Mexico, 
Mexico, Australia, Canada, Israel, Pennsylvania, Flori- 
da, and Germany. 

5. Irrigation and Fertilization Management. Includes 
site selection, irrigation scheduling, irrigation-fertiliza- 
tion interrelations, nutrient management, crop selection, 
drainage, and monitoring. 

6. Irrigation Systems for Sewage Effluent. Covers sys- 
tem design, piping, storage and pumping, chemical injec- 
tion systems, filters, and maintenance. 

The authors’ attempt to provide a practical review of 
the topic of wastewater irrigation and to present, as well, 
all the necessary soil, plant, and water background infor- 
mation does not succeed, for two reasons. First, the de- 
sire to be complete has led to the inclusion of some mate- 
rial that will serve no one. For example, the authors pres- 
ent six pages (in chapter 3) under the heading of “‘Trans- 
port of Chemicals and Hazardous Materials in the Soil”. 
A reader might expect to find a review of field studies on 
transport of trace metals, nitrate, and organic com- 
pounds following land application of wastewater or 
sludge. Such case studies are found in other sections of 
the book. This section is instead devoted to a description 
of the modeling approaches used by soil physicists to 
describe solute transport in porous media. In another 
section, the stability of inorganic P minerals in soils as a 
function of pH is described with a Lindsay solubility 
diagram. The solubility diagram will be unfamiliar to 
many agronomists, farmers, and irrigation engineers, and 
it is not needed for a qualitative understanding of the fate 
of phosphorus in wastewater irrigation systems. These 
and numerous other similar sections are beyond the inter- 
est and perhaps capabilities of the intended audience, but 
they are not detailed enough to serve a more specialized 
audience. 

The book also suffers from a fragmented organiza- 
tion. For example, to learn about nitrate leaching in 
wastewater irrigation systems, the reader will find useful 
information in the sections on solute transport (p. 53), 
nitrate leaching from the root zone (p. 67), and nitrogen- 
management (p. 157). Only one paragraph (p. 68) de- 
scribes the results of field investigations into nitrate 
leaching in wastewater irrigation systems. 

The literature review appears to be current on most 
topics as of the mid-1980s. Some items are out of date. 
For example a 1970 source is cited on the annual amount 
of wastewater intentionally reused in the USA. I found 
about a dozen typographical errors, and there are incon- 
sistencies in terminology, but none of these are of great 
consequence. 

In spite of these weaknesses, the book is clearly a 
useful addition to the municipal wastewater irrigation 
literature. Among the great values of this book is the 
extensive reference to field studies in Israel. Many of the 
cited technical reports are available only in Hebrew. Al- 
so, the authors refer frequently to conference proceedings 
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and other reports of limited distribution. Several impor- 
tant topics are summarized that are hardly discussed in 
other standard texts on wastewater irrigation. Among 
these are: Drip irrigation with treated wastewater and the 
related subjects of filters and chemical injection systems; 
long-term N budgets from multi-year wastewater irriga- 
tion projects; a comparison of the regulatory approaches 
recommended by the World Health Organization and 
various national and regional goverments. I strongly rec- 
ommend this book for all persons involved in the plan- 
ning, design, and operation of wastewater irrigation sys- 
tems in agricultural and landscaped environments. 


G.S. Pettygrove, Department of Land, Air and Water 
Resources, University of California, Davis, CA 95616, 
USA 


Sposito G, Reginato RJ (eds): Opportunities in basic soil 
science research. Soil Science Society of America, 
Madison WI, 1992, ISBN 0-89118-799-5, US $14.00 

As Wilford Gardner explains in his Foreword, this report 
arose from a feeling among members of SSSA that soil 
science is unknown territory to many scientists (and oth- 
ers), and that the time was ripe for some kind of manifesto 
of soil science. Such an exercise is, of course, potentially 
beneficial not only to outsiders: it does no harm at all for 
the insiders to be introspective, to ponder what they do, 
why they do it, and where they are heading. 

As it happens, this volume comes hard on the heels of 
another recent look at soil science: the special 75th An- 
niversary Number of Soil Science, which appeared in Jan- 
uary 1991. The two publications are not wholly uncon- 
nected: Wilford Gardner was the lead author in the earlier 
one; the later one is dedicated to the memory of Hans 
Jenny, co-author of one of the Soil Science articles. The 
intersection of the two works goes further: three of the 
Soil Science authors are listed as contributors to (though 
not committee members for) Opportunities in Basic Soil 
Science Research. Perhaps most importantly, the final 
chapter of the present book, “Strategies for the Future”, 
takes as its point of departure, and warmly commends, 
Roy Simonson’s article in the Soil Science number. Final- 
ly, your reviewer declares an interest, since he was anoth- 
er of the Soil Science authors. 

It seems inevitable that a cooperative work such as this 
report is superficially homogenized, but turns out uneven 
in both style and rigour from one anonymous chapter to 
the next. Managerialism casts its long shadow: after 
Gardner’s charming foreword, one is brought up short by 
the forbidding title in large caps, Executive Summary. 
This does, however, faithfully summarize what lies in the 
chapters ahead. It is perhaps a matter of taste; but, for my 
money, the format of the Soil Science number, with each 
author (for good or ill) clearly and publicly responsible 
for his own contribution, is to be preferred. 

Chapter 1, “The Science of Soil”, tells us that “soil 
scientists who do basic research utilize their pure-science 
expertise to integrate principles developed in pure-science 
disciplines for the cataloguing, modeling, and quantifying 
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of soil diversity and behavior”. This is unarguable but, to 
my mind it sells soil science a little short. Soil science is, 
of course, a sink for the techniques and insights of basic 
scientific disciplines, but sometimes the tables are turned 
and soil science becomes the stimulus to other fields. For 
example, Edgar Buckingham saw the great relevance of 
Gibbsian thermodynamics to problems of equilibration 
and flow of water in unsaturated soils many decades before 
the soil physics approach began to be imitated in various 
chemical and other engineering technologies of porous, 
granular, and fibrous materials. Another example: non- 
linear diffusion and convection-diffusion equations were 
commonplace in soil-water physics some 20 years before 
the mathematicians noticed what was going on. 

Chapter 2, “Pedology: the Science of Soil Develop- 
ment”, is an enthusiastic encomium on its topic. The read- 
er might well marvel at the talents of pedologists. We are 
told that they “have special skills to enhance the integra- 
tion of our knowledge of terrestrial processes and to help 
predict, alter, or alleviate future environmental changes”. 
It is not disclosed what these skills are, but much is made 
of geographic information systems, “with the results dis- 
played on color video monitors showing three-dimen- 
sional landscape images”. Technological self-congratula- 
tion here seems a displacement activity substituting for 
clear-sighted search for intellectual content. 

Chapter 3 is “Biology in the Soil Environment”. This 
gives a useful outline of soil microbiology and its impor- 
tance in nutrient cycling. It is a sobering thought that the 
organic matter in the world’s soils contains about three 
times as much carbon as the vegetation. This statistic 
draws attention to the resource that man squanders when 
soils are impoverished and eroded. Irrigationists would, I 
think, hope to find in this chapter greater recognition of 
the biological and biophysical interactions of the plant 
(and especially its roots) with the soil. 

Chapter 4, “Mineral Structure and Chemical Reactivi- 
ty in the Soil”, is a helpful summary of issues in soil 
chemistry and mineralogy. One topic discussed is that of 
mixed-solid-phase minerals in the soil. These can be both 
a primary source and a temporary repository for some 
essential elements, and also for some detrimental ones. In 
this context some irrigationists will have an interest in the 
cycling of iron oxides in response to seasonal irrigation 
cycles. 


Chapter 5 is “Physics and Soil Processes”. Many read- 
ers of Irrigation Science will feel more at home with his 
chapter. The account of soil physics is useful. In particular 
it is pleasing to see a proper awareness of the importance 
of the physical environment in the field, including trans- 
port processes, to what actually happens to the microbi- 
ology and chemistry of the real soil in place. Chapters 3 
and 4, on the other hand, tend to ignore the physical 
environment. One wonders if soil microbiologists and 
chemists may sometimes pursue interesting phenomena 
in test tubes which turn out quite differently in the real 
world. But this chapter too has its share of displacement 
acitivity. There are enthusiastic accounts of some recent 
instruments (CAT, TDR) and of fashionable mathematics 
(fractals, chaos); but I find little on the ongoing challenge 
to soil physics to develop a sound general physical theory 
of water movement in swelling soils and, indeed, a sound 
physical basis for soil mechanics. 

As we noted earlier, Chapter 6 starts from Roy Simon- 
son’s Soil Science article. It takes over his four long-term 
goals for the discipline, expressing them as follows: 

e More must be understood about the basic principles 
that govern the multitude of processes operating in soils. 
e Soil scientists must improve their standing in the scien- 
tific community as a whole. 

e More effective relationships between soil scientists and 
nonagricultural professionals must be developed. 

e Soil scientists must improve the public image of soil 
science so that it is no longer taken for granted. 

The first of these cannot be overemphasized. The second 
brings to mind Matthew, Chapter 6: “Which of you by 
taking thought can add one cubit unto his stature?” The 
third and fourth are unexceptionable; but, viewed as half 
the conclusions of this labour, they seem something of a 
let-down. Nowhere, for example, do I find recognition of 
the limits to natural science, nor of the perilous world of 
trans-science, first clarified for us by Alvin Weinberg. 

Gentle reader, you should certainly read this book, but 
not with wilful suspension of disbelief. If the Editor will 
allow a plug for a rival journal, I urge on you also the Soil 
Science Anniversary Number. Having digested both, 
come to your own conclusions. 


J.R. Philip, CSIRO Centre for Environmental Mechanics, 
GPO Box 821, Canberra, Australia 2601 
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THE LATEST IN ECOLOGICAL STUDIES 


F. Barlocher (Ed.) 


The Ecology 
of Aquatic 
Hyphomycetes 


1992. XIV, 225 pp. 23 figs. in 107 
parts. 18 tabs. (Ecological Studies, 
Vol. 94) Hardcover DM 188,— 
ISBN 3-540-54400-3 


Aquatic hyphomycetes were 
discovered 50 years ago by C.T. 
Ingold. They remained a relatively 
obscure group until their role as 
intermediaries between deciduous 
leaves and stream invertebrates was 
established some 20 years ago. 

This book, for the first time, provides 
a comprehensive summary and 
critical evaluation of the biology and 
ecology of these organisms. A special 
effort was made to evaluate the 
potential and actual insight that have 
been or will be derived from work in 
related disciplines such as the ecology 
of other fungal groups, stream 
ecology, or population ecology. The 
topics treated include the basic life 
history of the fungi and the potential 
role of wood, a discussion of how the 
fungi have adjusted to life in running 
water, their interactions with 
invertebrates, the attachment and 
germination of their spores, what is 
known about sexual reproduction, 
how water chemistry may influence 
their distribution and activity, how 
they react to human degradation of 
their environment, and a summary of 
the research carried out on the Indian 
subcontinent. 

The volume is of special interest to 
mycologists and stream ecologists 
and should facilitate workers entering 
into this exciting area. 


Prices are subject to change without notice. 


F. Kahn, J.-J. de Granville 


Palms in Forest 
Ecosystems of 
Amazonia 


1992. XII, 226 pp. 64 figs. 67 tabs. 
(Ecological Studies, Vol. 95) 
Hardcover DM 198,— 

ISBN 3-540-54399-6 


Here, a picture is drawn of the palm 
communities in the main forest eco- 
systems of Amazonia, taking into 
account their geographical variability. 
In particular, the major trends of 
adaptive radiation of palms as well as 
their role in forest functioning are 
analysed and answers to the following 
questions are provided: 

— How many palm species are there in 
Amazonian forest ecosystems? 

— Is palm species richness uniform 
throughout the basin? 

— Which are the palm-richest 
ecosystems? 

— What about density and life forms, 
structure of the communities, palm 
productivity, relationship with 
animals, and with humans? 

— What is the palms’ economic 
potential? 

— How to use the natural populations 
of palms for forest management? 


C. Eager, M.B. Adams (Eds.) 


Ecology and 
Decline of Red 
Spruce in the 
Eastern United 
States 


With contributions by numerous 
experts 


1992. XII, 417 pp. 90 figs. two in 
color. (Ecological Studies, Vol. 96) 
Hardcover DM 148,— 

ISBN 3-540-97786-4 


This book focuses on the recent 
decline of red spruce and the role of 
acid rain and associated air pollutants 
in this decline. The purpose of the 
book is to summarize a large body of 
recent research on this important 
environmental issue. The book is 
divided into 3 sections: Section I 
summarizes the features of spruce-fir 
forests in the Eastern U.S. and 
examines the ecology of the forests, 
their soils, and the atmospheric 
conditions experienced by these 
forests. Section II looks at 
experimental results from many air 
pollution studies and evaluates 
mechanisms of air pollution effects 
on red spruce trees. Section III 
synthesizes the current state of 
knowledge regarding the widespread 
red spruce decline in forests of the 
eastern United States. 


O Heidelberger Platz 3, W-1000 Berlin 33, F.R. Germany (1) 175 Fifth Ave., New York, NY 10010, USA D8 Alexandra Rd., London SW 19 7JZ, England 
0 26, rue des Carmes, F-75005 Paris, France () 37-3, Hongo 3-chome, Bunkyo-ku, Tokyo 113, Japan] Room 701, Mirror Tower, 61 Mody Road, 


Tsimshatsui, Kowloon, Hong Kong (1) Avinguda Diagonal, 468-4° C, E-08006 Barcelona, Spain) Wesselényi u. 28, H-1075 Budapest, Hungary 


1b.87.MNT/V/1 


A3 


perlin 
pondon 
Toky? 
Hong Kong 
parcelon? 


DENITRIFICATIO | Volume 1 


.* By R.L. Desjardins, R.M. Gifford, E.A.N. Greenwood, 
T. Nilson 


1992. X, 157 pp. 34 figs. Hardcover DM 118,- 
ISBN 3-540-53843-7 


The new series, Advances in Bioclimatology provides 

authorative reviews on the latest developments in all 

research areas concerned with the effects of climatic fac- 

tors on living organisms - be they plants, animals or 

humans. The emphasis is clearly laid on the mechanisms - 

rather than on the statistical relationships - linking biologi- 

cal processes with their physical environments. 

The following topics are covered in the first volume: 

- Deforestation, revegetation, water balance and climate; 

- Interaction of CO with growth limiting environmental 
factors in vegetation productivity; 

- Radiative transfer in nonhomogenous plant canopies; 

- Techniques to measure COp flux densities from surface 
and airborne sensors. 

Future volumes will include reviews of frost, its occur- 

rence, impact and prevention (Vol. 2); laser remote sen- 

sing of vegetation; global monitoring of forests with radar; 

human melanoma and ultraviolet radiation; maintaining 


Simplified “universal nitrogen cycle” health of farm animals under adverse conditions. 


Volume 
The Bioclimatology of Frost 


Its Occurrence, Impact and Protection 
By J.D. Kalma, G.F. Laughlin, J.M. Caprio, P.J.C. Hamer 


1992. XVII, 144 pp. 29 figs. Hardcover DM 118,- 
ISBN 3-540-53855-0 


a The second volume of the new series Advances in Biocli- 
A qi Va i C eS | n matology provides a comprehensive treatment of the 
physical aspects of frost occurrence and frost distribution, 
the biological and phenological aspects of frost damage, 
a as well as the various direct and indirect methods of frost 
: 0 @ ~—C protection and prevention. It combines extensive reviews 
with detailed, illustrative case studies, the latter dealing 
with plant temperatures during frost, numerical models for 
s frost prediction and mapping, regional frost risk mapping 
i techniques, winterkill of wheat, 
and a model for frost protection 
by sprinkler irrigation. The book ; or-Verlas 
is of interest to researchers and Spin 
students, but also of practical use Yous 
for farmers and horticulturalists. 


Eds.: G. Stanhill, G.L. Hahn, J.D. Kalma, eS 
R.S. Loomis, F.I. Woodward 
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